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Longer acenes have attracted substantial attention due to their intriguing 
chemical and physical properties which make them as promising candidates 
for organic semiconducting materials. Furthermore, acenes can be regarded as 
a model of zigzag-edged graphene nanoribbons. Hence a comprehensive 
understanding of acene chemistry would be beneficial for the further 
development of graphene chemistry as well as organic semiconducting 
materials. Regarding the applicability of acenes and acene-based materials, 
one of the biggest problems is the stability issue of acenes which originates 
from the electron richness of acenes. One rational and routinely adopted 
strategy to stabilize acene is to introduce electron withdrawing groups. This 
thesis mainly illustrates various methodologies to stabilize acenes with 
different electron withdrawing groups adopted. Chapter 1 gives an overview of 
the acene chemistry and their synthesis. Different strategies to stabilize acenes 
are discussed. Chapter 2 demonstrates one interesting tetracene diimide 
sample with four electron-donating thiophene units fused on it. Unlike normal 
tetracene diimides, our thiophene-fused tetracene diimide sample shows strong 
intramolecular charge transfer nature and ambipolar charge transport property 
in the OFET device is observed. In Chapter 3 and 4, two series of cyanated 
naphthalene diimide and aza-tetracene diimide are discussed. These two series 
of electron-deficient molecules are designed to investigate the 
structure-property relationship for n-type organic semiconductors. One 
important empirical rule to explain the relationship between the LUMO energy 
level and the material stability is pointed out in these two chapters. The 
prepared electron-deficent molecules serve as good n-channel OFET materials 
with good electron mobility values obtained. In Chapter 5 and 6, a series of 
7,7,8,8-tetracyanoquinodimethane (TCNQ) embedded acene are elaborated. 
TCNQ-heptacene and TCNQ-nonacene derivatives have been synthesized for 
the first time and their physical properties have been thoroughly investigated. 
viii 
 
In Chapter 7, a series of extended quinoidal aza-hexacene diimide and 
aza-heptacene diimide will be discussed. This type of extended quinoidal type 
molecule is rare in literature and they would serve as meaningful materials for 
two-photon absorption dyes and transistor materials. In Chapter 8, another 
strategy to stabilize acenes, i.e., to convert the normal diene-type conjugation 
of acenes to quinoidal type conjugation will be illustrated. A series of ultra 
stable quinoidal hetero pentacene have been prepared and used as p-type 
organic field effect transistor materials. 
 
Keywords: polycyclic aromatic hydrocarbon, acene, OFET, TCNQ, liquid 





















LIST OF TABLES 
Table 2.1. Summary of electrochemical data of TT-TDI, 2-4, 2-6 to 2-9. 
Table 3.1. OFET characteristics data for 3-3 to 3-5 measured in N2 and in air 
on OTMS modified substrates. 
Table 4.1. Summary of electrochemical data of compounds 4-2 to 4-7. 
Table 6.1. Summary of the optical and electrochemical data for compounds 6-2, 
6-4 and 6-9. 
Table 7.1. Summary of the photophysical and electrochemical data for 























LIST OF FIGURES 
Figure 1.1. General chemical structure of acene. 
Figure 1.2. Decomposition pathways of acenes. 
Figure 1.3. Single crystal packing of 1-6. 
Figure 1.4. Molecular packing of 1-10 in the single crystal. 
Figure 1.5. Molecular crystal structure of 1-15 (left) and 1-23 (right). For 1-15, 
the substituents are omitted for clarity. 
Figure 1.6. Single crystal structure of compound 1-37 and its solid state 
packing. 
Figure 1.7. Single crystal and packing of (a) 1-61a; (b) 1-61b; and (c) 1-61c. 
Figure 2.1. (a) UV-vis absorption and PL spectra of 2-4 and TT-TDI in CHCl3 
solution (1.0 x10
-5
 M) and in thin film; (b) picture of solution of 2-4; (c) picture 
of solution of TT-TDI; (d) calculated three conformers of TT-TDI. 
Figure 2.2. Cyclic voltammogram (CV) and differential pulse voltammogram 
(DPV) of TT-TDI in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte. 
Figure 2.3. (a) The first cooling and the second heating DSC curves of TT-TDI 
measured under nitrogen atmosphere with heating/cooling rate of 10 
o
C/min. 
Insert is the polarizing optical microscope (POM) image recorded at 136 
o
C 
during cooling. (b) Powder XRD pattern of TT-TDI recorded at 30 
o
C. Insert is 
the proposed layer-like packing mode. 
Figure 2.4. Output (a) and transfer (b-d) characteristic of the OFETs based on 
TT-TDI. (a)-(b): measured under nitrogen; (c)-(d): measured in air. 
Figure 2.5. AFM images of the thin films of TT-TDI after annealing at 90 
o
C: 
(a) height mode; (b) phase mode. 
Figure 3.1. Structures of cyanated NDI. 
Figure 3.2. (a) MALDI-TOF mass spectrum of the reaction mixture after 
reaction at room temperature for 48 h (taken before workup); (b) MALDI-TOF 
mass spectrum of the decomposed mixture of 3-7 upon exposure to air for 1 h; 
(c) MALDI-TOF mass spectrum of the reaction mixture after reaction at room 
xi 
 
temperature for 24 h. 
Figure 3.3. UV-vis absorption spectra of compounds 3-3, 3-4, 3-5 and 3-8. 
Figure 3.4. (a) CV curves of compounds 3-3 to 3-5; (b) Plots of the calculated 
(DFT at B3LYP/6-31G* level) and experimental LUMO energy levels of 3-3 
to 3-7 with the number of CN groups. 
Figure 3.5. Representative OFET transfer and output characteristics of 3-3 (a, 
b), 3-4 (c, d), and 3-5 (e, f) (Td = 60 
o
C) on OTMS modified substrates in N2. 
Figure 3.6. X-ray diffraction patterns and tapping mode AFM images of the 
thin films deposited at the indicated substrate temperature on OTMS modified 
SiO2 substrates for compound (a) and (b) 3-3; (c) and (d) 3-4; (e) and (f) 3-5. 
(for the AFM images, top: height mode; bottom: phase mode). 
Figure 4.1. MALDI-TOF MS spectrum of the decomposition product of 
compound 4-7. To record this spectrum, the freshly prepared compound 4-7 
(1mg) was dissolved in chloroform (2ml) and then silica gel powder (10mg) 
was added. The mixture was shaken for 5min and filtered. The collected 
chloroform solution was used for the MS analysis. 
Figure 4.2. UV-vis and PL spectra of (a) compounds 4-2 and 4-3; (b) 
compounds 4-4 and 4-6; and (c) compounds 4-5 and 4-7. 
Figure 4.3. CV voltamograms of compounds 4-3, 4-6 and 4-7. 
Figure 4.4. (a) Optimized structure of compounds 4-2 and 4-3; (b) calculated 
absorption spectra of compound 4-2 and 4-3. 
Figure 4.5. Transfer and output characteristics of FET devices fabricated by 
solution coating of 4-3 (a, b) and 4-6 (c, d) on OTS-treated substrates for 
thermal annealed (150 
o
C) thin films under N2 conditions. 
Figure 4.6. X-ray diffraction patterns of the thin film of 4-3 and 4-6 on OTS 
modified SiO2 substrates. 
Figure 4.7. Tapping-mode AFM images of the thin film of compounds 4-3 and 
4-6. (a) compound 4-3 height mode; (b) compound 4-3 phase mode; (c) 
compound 4-6 height mode; (d) compound 4-6 phase mode. 
xii 
 
Figure 5.1. Normalized UV-vis absorption spectra of compound 5-1 in 
chloroform and in thin film and its fluorescence spectrum recorded in 
chloroform. 
Figure 5.2. CV and DPV voltammograms of compound 5-1 in dry DCM with 
0.1 M Bu4NPF6 as supporting electrolyte. 
Figure 5.3. Structure of two conformers of 5-1 optimized by DFT 
(B3LYP/6-31G*) calculations, and the HOMO and LUMO molecular orbital 
profiles of the conformer (a). The dodecyl groups are replaced by methyl 
groups during the calculation. 
Figure 5.4. Output and transfer characteristics of FET devices of 5-1 measured 
under N2 conditions: output characteristics for an Au-contact device (a) and an 
Al-contact device (b) and transfer characteristics for n-type (c) and p-type (d) 
operation. Inset is the corresponding output curve for p-channel operation. 
Figure 5.5. AFM images of the thin films of 5-1 on OTMS modified SiO2 
substrates after annealing at 200 
o
C: height image (left) and phase image 
(right). 
Figure 5.6. X-ray diffraction pattern of the thin film of 5-1 on OTMS 
modified SiO2 substrates and vacuum annealed at 200 
o
C. 
Figure 6.1. VT NMR spectra of compound 6-2 in CDCl3 (500MHz). The 
labelling of the protons is shown in Scheme 6.1.  
Figure 6.2. UV-vis absorption spectra and fluorescence spectra of compounds 
(a) 6-2, (b) 6-4 and (c) 6-9.  
Figure 6.3. CV and DPV voltammograms for compounds (a) 6-2, (b) 6-4 and 
(c) 6-9 in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte.  
Figure 6.4. Single Crystal structure of (a) compound 6-2; (b) compound 6-4; 
(c) herringbone packing of compound 6-2; (d) “slipped” face-to-face packing 
of compound 6-4. Disordered solvent molecules are not shown for clarity.  
Figure 6.5. Optimized structure and the frontier orbital for the trans-isomer 
for compound 6-4 and compound 6-9.  
xiii 
 
Figure 6.6. (a) Transfer (VD = 80V) and (b) output characteristics of FET 
devices fabricated by solution coating of 6-4 on OTS-treated substrates.  
Figure 6.7. AFM images of the thin films of 6-4 on OTS modified SiO2 
substrates: height image (left) and phase image (right).  
Figure 6.8. X-ray diffraction pattern of the thin film of 6-4 spin coated from 
CHCl3 solution on OTS modified SiO2 substrates. (The peak at 2
o
 is the 
background diffraction of the Si wafer.)  
Figure 7.1. 
1
H NMR spectra of the aromatic region for compounds 7-5 and 
7-7. The aromatic peaks can be tentatively assigned to compound 7-7. 
Figure 7.2. UV-vis absorption and fluorescence spectra of (a) 7-4 and 7-6; (b) 
7-5 and 7-7; (c) 7-8 and 7-9.  
Figure 7.3. Cyclic voltammograms for compounds 7-6, 7-7 and 7-9 in dry 
DCM with 0.1 M Bu4NPF6 as supporting electrolyte.  
Figure 7.4. Titration study on compound 7-7 with trifluoroacetic acid.  
Figure 7.5. TD-DFT calculation results for compounds 7-4 to 7-9. First 
column: optimized structures; second column: HOMO profiles and third 
column: LUMO profiles. 
Figure 8.1. UV-vis and PL spectra of compounds 8-1 and 8-2 in chloroform 
solution (10
-5
 M for UV-vis measurement and 10
-6
 M for PL measurement). 
Figure 8.2. CV and DPV diagrams of (a) compound 8-1 and (b) compound 
8-2. 
Figure 8.3. Single crystal data for compounds (a) and (b) 8-1; (c) and (d) 8-2. 
Figure 8.4. Bond length information of 8-1 and 8-2. 
Figure 8.5. (a) Transfer and (b) output characteristics of FET devices 
fabricated by solution coating of 8-1 on OTS-treated substrates when operated 
in N2. 
Figure 8.6. AFM images of the thin films of 8-1 on OTS modified SiO2 
substrates: height image (left) and phase image (right). (c) Terrace layer 
thickness measurement by AFM. 
xiv 
 
LIST OF SCHEMES  
Scheme 1.1. Synthesis of chalcogen-acenes derivatives 
Scheme 1.2. Synthetic route to imide groups 
Scheme 1.3. Synthetic route to tetracene diimide by Wang et al.. 
Scheme 1.4. Synthetic route to tetracene diimide and pentacene diimide by 
Yamada et al.. 
Scheme 1.5. Synthetic route to cyanated pentacene diimide 1-30. 
Scheme 1.6. Synthetic route to substituted hexacene and heptacene 1-32 and 
1-34 and the molecular arrangement of 1-32c (left) and 1-32f (right).  
Scheme 1.7. Synthetic route to substituted heptacene by Wudl et al. and Miller 
et al.. 
Scheme 1.8. Synthetic route to substituted heptacene by Chi et al.. 
Scheme 1.9. Synthetic route to substituted nonacene 1-57 and 1-61. 
Scheme 2.1. Yamada’s tetracene diimide (2-1) and Wang’s tetracene diimide 
(2-2). 
Scheme 2.2. Synthetic route to TT-TDI and related precursors. 
Scheme 3.1. Synthesis of cyanated naphthalene diimides 3-4 to 3-8. 
Scheme 4.1. Synthesis of cyanated aza-tetracene diimides. 
Scheme 5.1. Synthetic route to heptacene-TCNQ derivative 5-1. 
Scheme 6.1. Synthesis of 6-2, 6-4 and 6-9. 
Scheme 7.1. Synthetic procedures for quinoidal hetero hexacene and 
heptacene diimide. Reaction conditions: (a) 2-aminophenol, CHCl3, 70 
o
C, 
overnight, 91%; (b) 3-amino-2-naphthanol, DMA, 120 
o
C, overnight, 90%; (c) 
2-aminothiophenol, DMA, 120 
o
C, overnight, 7.6% for 7-4, 8.4% for 7-5, 9% 
for 7-8; (d) PbO2, CHCl3, rt, 15 min, quantitative for 7-6, 7-7 and 7-9. 






LIST OF ABBREVIATIONS  
AFM: Atomic Force Microscope 
CS: Closed-Shell 
CV: Cyclic Voltammetry 
DCM: Dichloromethane  
DMA: Dimethylacetamide 
DMF: Dimethylformamide  
DSC: Differential Scanning Calorimetry 
DPV: Differential Pulse Voltammetry 
EA: Elemental Analysis or Ethyl Acetate 
ESR: Electronic Spin Resonance  
Fc: Ferrocene 
HOMO: Highest Occupied Molecular Orbital 
ICPOES: Inductively Coupled Plasma Optical Emission Spectroscopy 
LUMO: Lowest Unoccupied Molecular Orbital  
MALDI-TOF: Matrix Assisted Laser Desorption/Ionization Time Of Flight 
MS: Mass Spectroscopy 
NDI: Naphthalene Diimide 
NIR: Near Infra-red 
NMR: Nuclear Magnetic Resonance 






POM: Polarizing Optical Microscope 
TCNQ: 7,7,8,8-Tetracyanoquinodimethane 
TD-DFT: Time Dependent Density Function Theory 
xvi 
 
TDI: Tetracene diimide 
THF: Tetrahydrofuran 
TIPSA: Triisopropylsilylacetylene 
TGA: Thermal Gravimetric Analysis 
VT: Varied Temperature 






















Acenes are a series of laterally fused benzene rings with intriguing 
photophysical and electronic properties that have been intensively investigated 
during the last decade.
1
 Based on the number of benzenes, acenes can be 
named as naphthalene (n=2), anthracene (n=3), tetracene (n=4), pentacene 
(n=5), hexacene (n=6), heptacene (n=7), octacene (n=8), nonacene (n=9) and 
so on (Figure 1.1). As the number of benzene rings goes larger, the longer 
acenes tend to become more and more unstable. This stability trend can be 
rationalized by Clar’s aromatic sextet rule.1a,2 Clar has utilized the term 
“aromatic sextet ring” to explain the stability issue of polycyclic hydrocarbons. 
The guiding rule is that as the number of aromatic sextet increases, or the 
density of aromatic sextet ring increases, the hydrocarbon system will be more 
stable. In the case of acenes, only one aromatic sextet ring can be drawn for all 
the analogs. Hence each ring will share less and less of the aromatic character 
as acene goes longer. This stability issue becomes so serious for longer acenes 
that there are very few numbers of longer acenes and their derivatives reported 
up to date. While for the unsubstituted acenes, only up to hexacene has been 
synthesized with clear evidence to support its presence.
3
 For unsubstituted 
heptacene, octacene and nonacene, they can only be generated in 
polymethylmethacrylate (PMMA) matrix or at 30K argon matrix, which limits 




Figure 1.1. General chemical structure of acene. 
 2 
 
 So far the stability issue of acenes is of particular interest for chemists and 
several decomposition pathways of acenes have been figured out (Figure 1.2).
5
 
One such decomposition pathway is Diels-Alder reaction with oxygen to form 
transannular endoperoxides. For example, Ono et al. reported such 
decomposition of dithieno-pentacene with the endoperoxide formed on the 
most central ring, which is the most reactive site of acenes.
5a
 Another 
decomposition pathway is intermolecular dimerization which forms acene 
dimers. Anthony et al. has found that the dimerization of substituted hexacene 
not only happens between the backbones of neighbouring molecules, but also 
between one hexacene backbone and the ethylene groups of the neighbouring 
molecules.
5b
 Endoperoxide formation can simultaneously happen along with 
the dimerization process. Given many informative facts about the 
decomposition problems of longer acenes, chemists have developed a number 
of strategies to prepare stable and applicable acene based derivatives as 
organic electronics. One such strategy is to decrease the HOMO of acenes by 
attachment of electron withdrawing substituents, such as halogens, cyano 
groups and imide groups. It is also known that the most reactive sites of longer 
acenes are located on the most central zigzag edges. Hence blockage of these 
reactive sites by chalcogen atoms or other substituents is found crucial to 
achieve stable species. All these strategies will be illustrated with examples in 
the following sections. 
 3 
 




Chalcogen-acenes are an old type of stable acene derivative and have been 
studied decades ago for their application as organic conductors and their 
charge transporting properties have been well documented.
6
 The symmetrical 
tetraselenium tetracene (1-2) was synthesized by treatment of 
dichlorotetracene 1-1 with selenium.
7
 The following sublimating and 
recrystallization gave 1-2 as a dark green product. The absorption of 1-2 in 
carbon disulfide extended beyond 850 nm and the optical band gap was ca. 
1.45 eV. The symmetrical tetratellurotetracene (1-4) was prepared from 
tetrachlorotetracene (1-3) by treatment with in situ prepared sodium ditelluride 
in a dipolar aprotic solvent (DMF or hexamethylphosphoramide) and the black 
solid 1-4 was obtained in 13% yield.
8
 The absorption maximum of 1-4 in 
chlorobenzene was reported to be 763 nm, which was about 50 nm red shifted 





Scheme 1.1. Synthesis of chalcogen-acenes derivatives. 
 
The hexathiapentacene (1-6) was first synthesized by Goodings et al.
7
 and 
reproduced by Wudl and Bao et al.
9
 with thorough characterization and 
application as organic field effect transistor materials. The synthesis of 1-6 is 
shown in Scheme 1.1. Reaction between pentacene and sulphur in refluxing 
trichlorobenzene afforded the hexathia fused pentacene in 34-40% yield. After 
blocking the most reactive sites of pentacene at the peri position with sulphur 
atoms, this material was found to be much more stable than pentacene. The 
electrochemical band gap of 1-6 was measured to be 1.63 eV. The absorption 
onset of 1-6 measured in hot dichlorobenzene was found to be 769nm, 
corresponding to an optical band gap of 1.61 eV. The molecular packing of 1-6 
shown in Figure 1.3 illustrated the π-π stacking in two directions and the 
strong S-S interactions in this system. The intermolecular S-S distance is in the 
range of 3.37- 3.41Å for this molecule, which is smaller than the twice of the 
van der Waals radius of S (3.70 Å). The presence of sulphur atoms on the edge 
of pentacene not only efficiently blocks the typical edge-to-face interaction 
which is found for pentacene herringbone packing and promotes a face-to-face 
packing which is believed more favorable for charge transport, but also 
 5 
 
provides extra charge transport pathways through the very strong 







current on/off ratio > 10
5
 have been obtained for the transistor based on this 
molecule. 
 
Figure 1.3. Single crystal packing of 1-6. 
 
Another interesting chalcogen-acene derivative 1-10 was synthesized by 
Okamoto et al. for photovoltaic cell dyes.
10
 Tetracene monoimide 1-9 was 
synthesized via 2 steps from 5-bromotetracene (1-7). Mayer-type imide 
formation was adopted to introduce imide on the peri-position of tetracene. 
The final treatment of 1-9 with sulfur at high temperature without the presence 
of solvent gave the final disulfide compound 1-10. Compound 1-10 was found 
to have an electrochemical HOMO-LUMO band gap of 1.48 eV. The 
absorption maximum of 1-10 was dramatically red-shifted compared with that 
of tetracene (475 nm) to 784 nm and the absorption edge reached 850 nm 
(optical Eg = 1.46 eV), which was believed to originate from the extended 
π-conjugation and the electron-push-pull structure. Compound 1-10 was found 
to pack in a face-to-face manner (Figure 1.4). The co-facial arrangement was 
believed to arise from intermolecular dipole-dipole interactions rendered by 
the large dipole moment (5.32 Debye) of 1-10. 








Figure 1.4. Molecular packing of 1-10 in the single crystal. 
 
In summary, chalcogens (S, Se and Te) have been chemically incorporated 
with acenes molecules to achieve stable and functional materials with 
absorption in the low-frequency region of red and the near-IR region. The 
general trend is that by replacing the hydrogen atoms on the peri-position of 
acenes with chalcogens, the absorption of acenes are strongly red-shifted, with 
more red shift observed for heavier chalcogens. The stability of acenes can 
also be enhanced by such chemical means and cofacial packing and stronger 
intermolecular interaction are encouraged due to the presence of 
chalcogen-chalcogen interactions. The obtained chalcogen-acene derivatives 
have been applied as functional materials for organic field effect transistors 
and solar cells.  
 
1.3 Imide-fused acenes 
 
Acenes, especially longer acenes, are generally unstable due to their 
intrinsic electron richness and high lying HOMO energy levels. A 
well-employed strategy to stabilize acenes is to introduce 







 onto acenes to decrease the electron density of the backbone and 
therefore enhance its stability. Out of all electron-withdrawing groups, imide 
groups are of special importance for two reasons: firstly, imide groups are 
 7 
 
efficient electron withdrawing groups to lower the electron richness of parent 
acenes; secondly, introduction of solubilizing chains on imide position was 
crucial to achieve soluble and characterizable materials. There are five major 
chemical routes to introduce imide groups on the acene backbone and they are 
illustrated in Scheme 1.2. Route 1 starts from carboxylic anhydride and the 
imide moiety is achieved in one step. However, due to the scarcity of 
commercially available acene carboxylic anhydride, chemical construction of 
the anhydride moiety is therefore unavoidable. Three ways have been used for 
this purpose, as shown in route 2, 3 and 4.
13c,14
 Another strategy, discovered in 
1990,
15
 starts from carbonyl chloride, which reacts with isocyanates with the 
presence of a Lewis acid to form the imide rings (Route 5). 
 




 reported a novel one-pot synthesis of stable near infrared 
(NIR) tetracene diimides (TDI) via double palladium catalyzed cross-coupling 
reaction between tetrabromo naphthalene diimide 1-11 and 
zirconacyclopentadienes (1-12, 1-13 and 1-14) and organostannes (1-18) 
(Scheme 1.3). The obtained NIR dyes 1-15, 1-16, 1-17 and 1-19 all showed 
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narrow optical band gap below 1.5 eV and good stability upon exposure to 
light and air, showing that attachment of imide groups is an efficient method to 
lower the HOMO-LUMO band gap as well as to enhance the stability of the 
material. For compound 1-16 and 1-17, the tetracene diimide was fused with 
saturated six-membered rings, which would be promising precursor for 
hexacene diimide and octacene diimide after dehydrogenative aromatization. 
Such chemical transformation is challenging and has not yet been reported. 
 
 
Scheme 1.3. Synthetic route to tetracene diimide by Wang et al.. 
 
Another series of tetracene diimide and pentacene diimide derivative (1-23 
and 1-24 shown in Scheme 1.4) were prepared by Yamada et al. with 
Mayer-type reaction employed.
13b
 The key intermediate carbonyl chloride 1-22 
was prepared from dialdehyde in two steps. The following Mayer type reaction 
was successfully achieved in satisfactory yield with bismuth triflate utilized as 
the Lewis acid. Other Lewis acids, such as TfOH, AlCl3, FeCl3 and Al(OTf)3 




Scheme 1.4. Synthetic route to tetracene diimide and pentacene diimide by 
Yamada et al.. 
In contrast to compound 1-15, compound 1-23 showed much larger band 
gap of 1.83 eV, with an absorption onset of 678 nm. This is about 170 nm blue 
shifted compared with 1-15, which has an absorption onset at 850 nm. Such a 
large difference would originate from the structural difference between these 
two tetracene diimide derivatives (Figure 1.5).
13a,b
 For compound 1-15, the 
central tetracene core is much twisted due to the repulsion between the 
carbonyls on the imide groups and the heavy substitution around the core as 
evidenced from the single crystal structure provided. While for 1-23, the 
tetracene core almost remains planar with the imide groups tilted from the 




 due to the repulsion between the oxygen atom in 
carbonyl groups and the peri-hydrogens. The significant twisting of the 
tetracene backbone in 1-15 would account for the large bathochromic effect. 
The pentacene diimide (1-24) synthesized by Yamada’s groups has much 
red-shifted absorption to the NIR region and an optical 30 band gap of 1.48 eV 
was estimated for 1-24, which is about 0.6 eV smaller than the parent 















Figure 1.5. Molecular crystal structure of 1-15 (left) and 1-23 (right). For 
1-15, the substituents are omitted for clarity.  
 
Another novel cyanated pentacene diimide 1-30 was synthesized by Qu et 
al.
13e
 and the synthetic route is shown in Scheme 1.5. For 1-30, the imide 
groups were attached at the end positions of pentacene rather than on the 
peri-position. The synthesis started from the Diels-Alder reaction between the 
reactive benzodifuran intermediate 1-25 and imide dienophile followed by 
trimethylsilyl triflate assisted dehydration to construct the anthracene core. 
Bromination blocked the two most reactive sites on the anthracene core. 
Following radical bromination on the benzyl position and triethylamine 
mediated aromatization generated the pentacene backbone successfully. 
Palladium catalyzed cyanation of 1-29 afforded the target cyanated pentacene 
diimide compound 1-30. Compound 1-30 showed absorption maxima at 361 
nm (-band) and 632 nm (p-band) and an optical band gap of 1.9 eV was 
estimated. A LUMO energy level of -4.15 eV was determined for 1-30 by 






, a high 




, and a small threshold voltage of -5 to 0 V 
were achieved in solution processed top-contact thin film transistors. Due to 
its low LUMO energy level (-4.15 eV), good ambient stability of the device 





Scheme 1.5. Synthetic route to cyanated pentacene diimide 1-30. 
 
To summarize, it has been realized that attachment of imide groups on 
acenes can significantly enhance the stability of the acenes while at the same 
time the absorption can be much red shifted compared with the parent acenes. 
This type of molecules have been proved promising candidates for air stable 
n-type OFET materials. 
 
1.4 Hexacene, heptacene, octacene and nonacene 
 
Synthesis of acenes longer than pentacene has been pursued ever since 
Clar’s time.3 Their intrinsic poor solubility and stability not only complicate 
the synthesis, but also bring ambiguity into the characterization. Nevertheless, 
a number of higher acenes have been successfully synthesized and well 
characterized with strong evidence (NMR, and/or single crystal) to support 
their existence. 
Anthony’s group synthesized a series of hexacene and heptacene 
derivatives as shown in Scheme 1.6.
5b,16
 The acene synthesis from Anthony’s 
group relied heavily on the nucleophilic 1,2-addition of organolithium reagents 
or Grignard reagent on the acene quinone followed by tin(II) chloride 
mediated aromatization. The yield of this protocol was reported to be very 
sensitive to the identity of the substitution moieties, ranging from 89% (1-32b) 
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to 8% (1-32c) for the synthesis of hexacene derivatives. For 1-32b, the 
electrochemical band gap was reported to be 1.58 eV and optical band gap to 
be 1.57 eV (790 nm). For heptacene, much bulkier tris(trimethylsilyl)silyl 
acetylene groups were attached on the peri-position to enhance the solubility 
and characterizability. An electrochemical HOMO-LUMO band gap of 1.30 
eV and an optical band gap of 1.36 eV (912 nm) were measured for 1-34c. 
Compared with substituted hexacene, extending the conjugation by fusing one 
more benzene ring reduced the HOMO-LUMO energy level by ca. 0.2 eV. The 
solution of this series of hexacene and heptacene decomposed rapidly upon 
exposure to air and light, which hampered the detailed charge transport 
characterization of these novel materials. Nevertheless, the structures of the 
final hexacene and heptacene derivatives 51 and 53 were unambiguously 
confirmed by single crystal analysis (Scheme 1.6). It is worth to note that by 
varying the size of substituents on the peri-position, the packing motif of 
higher acenes can be well tuned. For 1-32c, the hexacene was substituted with 
small tris(iso-butyl)silyl acetylene groups and the hexacene packed in a 
herringbone manner. For 1-32f, the substituents were changed to much bulkier 
tris(trimethylsilyl)silyl acetylene groups. A co-facial packing arrangement was 
then observed. Similar face-to-face packing was observed for 1-32d and 1-32e 




Scheme 1.6. Synthetic route to substituted hexacene and heptacene 1-32 and 
1-34 and the molecular arrangement of 1-32c (left) and 1-32f (right).  
 
To further increase the stability of longer acenes, Wudl et al.,
17
 Miller et 
al.
18
 and Chi et al.
19
 synthesized more stable heptacene derivatives with 
different synthetic strategies employed. Wudl’s group17 adopted a divergent 
synthetic route by trapping the in situ generated “bisanthracyne” with dienes, 
followed by reduction to give heptacene derivative 1-37. The diene nature of 
acenes was intensively investigated. However, the dienophile behavior of 
acenes is less investigated.
20
 This example illustrates well the generation of 
dienophile on substituted anthracenes. The synthesized heptacene was 
intensively protected by substitution of four phenyl rings and two 
triisoptropylsilylethynyl groups on the peri-positions. This renders the 
heptacene sufficient stability and solubility for thorough characterization. An 
electrochemical band gap of 1.38 eV was obtained for 1-37, which is in close 
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agreement with the optical band gap (1.35 eV) estimated from the absorption 
onset (917 nm). Judging from the sharp NMR peaks, the possibility of a 
singlet biradical ground state for this substituted heptacene was excluded. 
Miller et al.
18
 adopted a divergent synthetic route as well to construct the 
heptacene tetraone 1-40 with Diels-Alder reaction utilized. The quinone was 
treated with organolithium reagent to generate tetraols and the following tin(II) 
chloride mediated reductive aromatization afforded the substituted heptacene 
1-41 as a dark-green solid. The optical HOMO-LUMO energy level of 1-41 
was estimated to be 1.37 eV, which was close to Wudl’s heptacene. 
Furthermore, this heptacene is stabilized only by phenyl and arylthio groups. 
The presence of alkylsilylethynyl protecting groups is therefore not 
compulsory for soluble and characterizable longer acenes as suggested by 
Miller et al. in their concluding remarks. 
 
 






 achieved the synthesis of a functionalized heptacene 1-50 via a 
totally different strategy as shown in Scheme 1.8. Heptacene quinone 1-49 was 
prepared with a convergent route in 9 steps from commercial starting materials. 
Four aryl groups were attached at the β-position of the quinone to kinetically 
avoid any unwanted 1,-4 Michael addition during the nucleophilic attack step. 
Michael-type 1,-4 addition on conjugated quinone is a common side reaction 
for this type of nucleophilic addition. However, it is seldom investigated on 
acene-quinone precursors even though it might be a cause for the low yield for 
the final nucleophilic attack-aromatization step. The final product 1-50 was 
obtained in 50% yield from the quinone precursor, which proved the 
effectiveness of the design strategy. A HOMO energy level of -4.93 eV and a 
LUMO energy level of -3.61 eV were estimated from the CV measurement. 
The optical band gap of 1.32 eV was obtained based on the absorption onset 
(940 nm). All these measurements are in agreement with Wudl’s heptacene 
given the structural similarity between the two. The presence of four 
electron-withdrawing trifluoromethyl groups on the phenyl rings are believed 
to further enhance the stability of the heptacene derivative. 
 





 managed to obtain the crystal information of 1-37 (Figure 1.6). 
This heptacene exhibited an edge-to-face herringbone packing in the crystal 
state. π-π Interactions were absent due to the intensive protection at the 
peri-sides with phenyl groups and trialkylsilylethynyl groups. The electronic 
applications of this persistent heptacene, according to the original report, are 
being explored.  
 
Figure 1.6. Single crystal structure of compound 1-37 and its solid state 
packing. 
 
Any octacene derivatives by conventional synthetic chemistry have not yet 
been achieved. For nonacene, there are so far two groups who report the 
synthesis of substituted and stabilized nonacenes, with quite different 
photophysical properties observed. One (1-57) is from Miller’s group21 and the 
other (1-61) from Anthony’s group.22 Their synthesis is shown in Scheme 1.9. 
Miller adopted a similar synthetic strategy as their heptacene synthesis. 
Nonacene tetraone (1-56) was first prepared with the β-positions of the 
quinones fully protected by arylthio groups. The nucleophilic attack-reductive 
aromatization protocol afforded the target nonacene 1-57 in a 50% crude yield 
with a black colour in solution and blood red fluoresence. The sharp NMR 
peaks clearly indicates the closed-shell ground state character of this nonacene. 
However, the same team later suggested an open-shell ground state for this 
nonacene by theoretical calculations. Furthermore, the close shell character of 
nonacene proposed by Miller as well as the recorded photophysical properties 
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was questioned by Anthony et al.
22
 Anthony’s nonacene synthesis followed the 
similar synthetic strategy as Miller’s. As shown in Scheme 1.9, nonacene 1-61 
was intensively protected by substitutions of trialkylsilylethyl groups and 
bis(trifluoromethyl)phenyl groups. The outer rings were perfluorinated in 
order to further stabilize the nonacene. Diels-Alder reaction was used to 
construct the nonacene tetraone 1-60 and subsequent nucleophilic 
attack-reductive aromatization step was used to give the final product with 
olive coloured solution. The yield for the final step was not reported. As 
argued by Anthony et al.,
22
 the nonacene that they synthesized has a prominent 
S0-S1 transition at 1014 nm and weak fluorescence at visible range in contrast 
to the barely observable S0-S1 transition and blood red fluorescence reported 
for 1-57. The optical band gap of 1-61 was estimated to be 1.2 eV based on the 
absorption onset (1033 nm). NMR spectrum was not obtained for 1-61, which 
was believed due to the open shell ground state of 1-61.  
Scheme 1.9. Synthetic route to substituted nonacene 1-57 and 1-61. 
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To confirm this, Anthony et al.
22
 has carried out an ESR study of their 
nonacene sample and a signal was observed with g = 2.0060 corresponding to 
the nonacene radical. Anthony et al.
22
 successfully obtained the single crystal 
of nonacenes that they prepared (Figure 1.7). These substituted nonacene 
adopted 2D π-stacked motif for 1-61a, perpendicular 1D slipped stacks for 
1-61b and 1D slipped stack motif for 1-61c. The π-π orbital interactions of 
neighbouring nonacene were blocked by incorporated chlorobenzene solvent 
molecules. These incorporated solvent molecules were believed to enhance the 








To summarize, the challenging but rewarding acenes chemistry has been 
well explored by chemists despite the difficulty to stabilize and solubilize 
these ultra unstable molecules. The synthetic limit of oligoacenes has reached 
nonacene. However, further understanding of the open-shell ground state 
character of longer acenes is necessary and synthesis of more stable longer 
acenes is in need to fully explore the charge transport properties of these novel 
materials. The long wavelength absorption of these NIR dyes would be of 
interest as well for applications such as two photon absorption and solar cells. 
 
1.5 Highlights of contributions from this thesis 
 
Ever since Clar’s time, chemists have intensively investigated the chemistry 
of acenes to understand their physical properties and to make applicable 
materials as organic electronics. Longer acenes have attracted substantial 
attention due to their intriguing and unknown properties. Furthermore, acenes 
can be regarded as a model of zigzag-edged graphene nanoribbons. Hence a 
comprehensive understanding of acene chemistry would be beneficial for the 
further development of graphene chemistry. Regarding the applicability of 
acenes and acene-based materials, one of the biggest problems is still the 
stability issue of acenes. One rational and routinely adopted strategy to 
stabilize acene is to introduce electron withdrawing groups. This thesis mainly 
illustrates various methodologies to stabilize acenes with different electron 
withdrawing groups adopted. In Chapter 2, we introduce one interesting 
tetracene diimide sample with four electron-donating thiophene units fused on 
it. Unlike the discussed tetracene diimide sample, our thiophene-fused 
tetracene diimide sample shows strong intramolecular charge transfer nature 
and ambipolar charge transport property is observed. In Chapter 3 and 4, we 
introduce two series of cyanated naphthalene diimide and aza-tetracene 
diimide. These two series of electron-deficient molecules are designed to 
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investigate the structure-property relationship for n-type organic 
semiconductors. They also serve as good n-channel OFET materials with good 
electron mobility values obtained. In Chapter 5 and 6, we introduce a series of 
7,7,8,8-tetracyanoquinodimethane (TCNQ) embedded acene. We have 
synthesized TCNQ-heptacene and TCNQ-nonacene derivatives for the first 
time and their physical properties have been thoroughly investigated. In 
Chapter 7, we will discuss about a series of extended quinoidal aza-hexacene 
diimide and aza-heptacene diimide. This type of extended quinoidal type 
molecule is rare in literature and they would serve as meaningful materials for 
two-photon absorption dyes and transistor materials. In Chapter 8, we will 
illustrate another strategy to stabilize acenes, i.e., to convert the normal 
diene-type conjugation of acenes to quinoidal type conjugation. A series of 
ultra stable quinoidal hetero pentacene have been prepared and used as p-type 
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Chapter 2  





Acenes, which are a series of laterally fused benzene rings, have been 
intensively investigated in the past decades for their potential as charge 
transporting materials.
1
 However, their practical applications are usually 
limited by relatively poor chemical and photo-stability.
2
 Various 
functionalization methodologies have been applied to improve their stability 
which include: 1) substitution by aryl, silylethyne or thioether groups;
 
2) 
substitution with chlorine and fluorine atom and 3) attachment of electron 
withdrawing cyano groups.
2
 Alternatively, attachment of electron-withdrawing 
dicarboximide groups is another routinely adopted strategy to lower the 
HOMO energy level of acenes and thus to improve their stability. Moreover, 
solubilizing groups such as long alkyl chains can be introduced on the imide 
groups and hence to achieve stable and soluble acene based materials. 
Our group recently prepared a series of stable pentacene diimide derivatives 
by lateral substitution with dicarboximide groups.
3
 Since the most reactive 
sites of acenes are located at the zig-zag edges, attachment of dicarboximide 
groups on the zig-zag edges is believed to be more efficient to obtain highly 
stable acene imides. So far, naphthalene mono- or diimides,
4
 anthracene mono 
and diimide
5
 and tetracene monoimides
6a
 and tetracene diimides
6b,6c
 with the 
imide group attached onto the zig-zag edges have been reported. Yamada et 
al.
6c
 reported a synthesis of tetracene diimides with Mayer-type reaction 
adopted as the key step for the construction of imide moieties (Scheme 2-1). 









obtained for this material. Another series of tetracene diimides were 
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synthesized by Wang’s group6b via palladium catalyzed double cross-coupling 
reactions (Scheme 2-1). Intensive substitution on the tetracene was inevitable 
due to the methodology limitation, which made the material not optimal as 
transistor materials.  
 
Scheme 2.1. Yamada’s tetracene diimide (2-1) and Wang’s tetracene diimide 
(2-2). 
In parallel with Yamada and Wang’s work on tetracene diimide, our group 
made our contribution to the development of acene-imide chemistry by 
successfully carrying out the synthesis of a tetrathienyl-fused tetracene diimide 
TT-TDI (Scheme 2.2). Our strategy is to make core expansion from a smaller 
naphthalene diimide building block such as 2-1 (Scheme 2.2) and the obtained 
compound TT-TDI is expected to show a low band gap and long wavelength 
absorption due to intramolecular donor-acceptor interaction. TT-TDI is also 
designed to have a rigid core attached with flexible alkyl chains so that it can 
show liquid crystalline properties. Application of TT-TDI in thin-film 
field-effect transistors is also investigated in the current study.  
 
2.2 Results and discussion 
2.2.1 Synthesis 
 
Synthesis of TT-TDI and related precursors is shown in Scheme 2.2. The 
starting material 2,3,6,7-tetrabromo naphthalene diimide 2-3 was synthesized 
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according to reported literature.
7
 Tetrathienyl-substituted naphthalene diimide 
2-4 was prepared by a four-fold Stille coupling of 2-3 with 
tributyl(5-dodecylthiophen-2-yl)stannane.
8
 It is worthy to note that the catalyst 
loading of this four-fold Stille coupling reaction had to be carefully controlled 
in order to avoid any phosphonium salt formation.
9
 By lowering the loading of 
Pd(PPh3)4 to 0.03 equiv. per bromine, the target product 2-4 was obtained in a 
63% yield. Many Suzuki coupling reactions and Sonogashira-Hagihara 
coupling reactions were also attempted on this substrate. However, all of them 
failed with intractable results obtained, possibly due to the ultra-high 
sensitivity of the activated bromine atoms towards bases such as potassium 
carbonate or amines. Subsequent ferric chloride mediated oxidative 
cyclization
10
 of 2-4 successfully gave the final product TT-TDI in 80% yield. 
Such intramolecular cyclization was thought to be challenging because: 1) the 
electron deficient naphthalene diimide core will increase the oxidation 
potential which makes the oxidative cyclization hard to occur; and 2) there is 
significant steric repulsion between the thiophene units and the carbonyl group, 
which creates extra barriers for the reaction to occur. 
The success on TT-TDI provoked us to further extend this strategy to the 
synthesis of more tetrathienyl-fused tetracene diimides. Thus, precursors 2-7, 
2-8 and 2-9 with different substituents were prepared (Scheme 2.2). Compound 
2-3 underwent similar four-fold Stille coupling reactions to give the 
tetrathiophene-substituted naphthalene diimide 2-5 in 56% yield. Bromination 
of 2-5 with NBS in DMF
11
 afforded 2-6 in 87% yield and subsequent four-fold 
Suzuki coupling reactions provided compounds 2-7, 2-8 and 2-9 in good yields. 
Precursors 2-7, 2-8 and 2-9 were then submitted for ferric chloride mediated 
oxidative cyclodehydrogenation. However, reaction of 2-7 generated a dark 
blue mixture which contained intermolecular coupling product and chlorinated 
side products based on mass spectrometry analysis. By lowering the oxidant 





this problem was not well resolved. It was reasoned that the para-position of 
the end-capping phenylene ring should be responsible for the undesired 
reactivity of this precursor. Therefore, in 2-8 and 2-9, the para-positions of the 
phenylene ring are blocked by electron-withdrawing trifluoromethyl group or 
electron donating tert-butyl group. For both 2-8 and 2-9, the oxidative 
cyclization by ferric chloride, however, only generated one-side closed (i.e., 
-2H) products which were contaminated with starting material and some 
chlorinated side products and separation of the mixture was not successful. 
Prolongation of the reaction time or addition of extra oxidant did not lead to 
fully cyclized products but more chlorinated side-products. To address this 
problem, further cyclization of 2-6 was tried with the attempt to synthesize a 
general functionalizable tetracenediimide building block. Again, cyclization of 
2-6 with either ferric chloride or VOF3/BF3•Et2O only gave partially cyclized 
product together with some chlorinated side products. 
Scheme 2.2. Synthetic route to TT-TDI and related precursors. 
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2.2.2 Photophysical properties and TD-DFT calculations 
 
In solution, both 2-4 and TT-TDI exhibited a strong p-p* transition with a 
maximum absorption at ca. 370 nm and a strong charge transfer band at 494 
nm and 655 nm, respectively (Figure 2.1(a)). Accordingly, the solution color of 
2-4 and TT-TDI was purple and blue, respectively (Figure 2.1(b, c)). The 
absorption maximum of the charge transfer peak was red shifted about 160 nm 
after ring closure, indicating that TT-TDI had a lower band gap and more 
extended p-system. In the solid state, the absorption maximum of TT-TDI 
showed a bathochromic shift of 47 nm to 702 nm due to aggregation at solid 
state. The lowest energy absorption onset of the solution of TT-TDI was at 754 
nm and the optical HOMO-LUMO band gap was calculated to be 1.64 eV. 
TT-TDI exhibited very weak emission peak with emission maximum at ca. 
775 nm when excited at 650 nm (Figure 2.1(a)) due to the intramolecular 
charge transfer nature of the molecule.  
Time-dependent density functional theory (TD-DFT at B3LYP/6-31G*) 
calculations were conducted for TT-TDI to understand its electronic and 
optical properties. Due to steric congestion between the fused thiophene rings 
and the carbonyl groups, three possible conformers, denoted as up-down, 
up-up and twisted, were evaluated (Figure 2.1(d)). The up-down conformer has 
the lowest energy (1.5-3.5 kcal/mol more stable), but all conformers show a 
similar calculated absorption spectrum with two major bands at 347 nm 
(HOMO to LUMO + 2) and 627 nm (HOMO-1 to LUMO). The calculated 




Figure 2.1. (a) UV-vis absorption and PL spectra of 2-4 and TT-TDI in CHCl3 
solution (1.0 x10
-5
 M) and in thin film; (b) picture of solution of 2-4; (c) picture 
of solution of TT-TDI; (d) calculated three conformers of TT-TDI. 
 
2.2.3 Electrochemical properties 
 
TT-TDI exhibited amphoteric redox properties with one reversible 
oxidation wave with half wave potential E1/2
ox
 at 0.94 V (vs. Fc
+
/Fc), two 
reversible reduction waves with half wave potential E1/2
red
 at -0.77 V and -0.89 
V (vs. Fc
+
/Fc), respectively and one irreversible reduction wave (Figure 2.2 
and Table 2.1). A HOMO energy level of -5.62 eV and a LUMO energy level 
of -4.10 eV were estimated based on the onset potential of the first oxidation 
wave and the first reduction wave, respectively. The electrochemical energy 
gap was calculated to be 1.52 eV. It is worth noting that the HOMO of TT-TDI 
only changed slightly compared with 2-4 while the LUMO decreased from 
-3.73 eV for 2-4 to -4.10 eV for TT-TDI after cyclization. The low lying 
LUMO energy level implies that TT-TDI can serve as an electron transporting 
(b) (c)
(d)





































To better understand the ring closure reaction, the electrochemical 
properties of 2-4 to 2-9 were studied by cyclic voltammetry and the results are 
summarized in Table 2.1. All five compounds showed two reversible reduction 
waves and one irreversible oxidation wave. The successful substrate 2-4 was 
found to have a HOMO energy level of -5.73 eV. By changing the dodecyl 
chain to electron withdrawing bromine and trifluomethyl phenyl group, the 
HOMO energy levels of 2-6 and 2-8 were decreased to -5.99 and -5.85 eV, 
respectively and this HOMO energy level decrease would be responsible for 
their unsuccessful oxidative cyclization. For 2-7 and 2-9, the HOMO energy 
level increased to -5.67 and -5.59 eV, respectively. With the substituents being 
electron rich, the radical cation generated might delocalize along the 
thienyl-phenyl unit and this creates extra reactive sites and reaction pathways 
for the formation of new C-C bonds, which might lead to unwanted 
intermolecular coupling, chlorination and less tendency for the desired C-C 
bond formation to occur. Therefore, the oxidation potential of the precursor as 
well as reactive site control played a key role on the oxidative cyclization 
reaction. 
 

















Figure 2.2. Cyclic voltammogram (CV) and differential pulse voltammogram 
(DPV) of TT-TDI in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte. 
Table 2.1. Summary of electrochemical data of TT-TDI, 2-4, 2-6 to 2-9. 
 
2.2.4 Thermal properties and self assembly properties 
 
The thermal properties of TT-TDI were characterized by differential 
scanning calorimetry (DSC) and no observable decomposition of the sample 
was observed upon heating to 200
o
C. The DSC curve of TT-TDI showed two 
endothermic peaks at 13 
o
C and 146 
o
C upon heating and two exothermic 
peaks at 2 
o
C and 101 
o
C upon cooling (Figure 2.3(a)). From polarizing optical 
microscope (POM) analysis, TT-TDI entered an isotropic phase at 150 
o
C 
upon heating and upon slow cooling from the isotropic phase, a typical texture 
for a columnar liquid crystalline mesophase was observed until room 
temperature (insert in Figure 2.3(a)). That means that TT-TDI is actually a 






























TT-TDI 0.94 0.82 -0.77, -0.89, -1.49 -0.70 -5.62 -4.10 1.52 
2-4 0.95 0.93 -1.14, -1.53 -1.07 -5.73 -3.73 2.0 
2-6 N.A. 1.19 -0.94, -1.43 -0.86 -5.99 -3.94 2.05 
2-7 0.91 0.87 -1.04, -1.47 -0.98 -5.67 -3.82 1.85 
2-8 1.09 1.05 -0.98, -1.44 -0.91 -5.85 -3.91 1.94 








 is the onset potential of the first 


























homogenous thin films on untreated glass substrate during POM measurement. 
The good thin film formation properties of TT-TDI would be beneficial for 
OFET device performance. The powder XRD pattern of TT-TDI recorded at 
room temperature revealed a series of sharp reflection peaks which can be 
correlated to the (100), (200) and (300) reflections of a lamellar structure with 
an interlayer distance of 2.71 nm (Figure 2.3(b)). In addition, a reflection peak 
at 4.48 Å was also observed, which can be correlated to the long range ordered 
π-stacking between the rigid but nonplanar core.  





































































Figure 2.3. (a) The first cooling and the second heating DSC curves of TT-TDI 
measured under nitrogen atmosphere with heating/cooling rate of 10 
o
C/min. 





during cooling. (b) Powder XRD pattern of TT-TDI recorded at 30 
o
C. Insert is 
the proposed layer-like packing mode. 
2.2.5 Organic field effect transistor and thin film characterization 
 
Field-effect transistors were fabricated by spin-coating the solution of 
TT-TDI in chloroform onto octadecyltrimethoxysilane (OTMS) modified 
SiO2/Si substrate in a top-contact configuration. The devices were annealed at 
90 
o
C under nitrogen. Devices based on TT-TDI mainly exhibited n-type 
behavior when measured under nitrogen (Figure 2.4(a)-(b)), with an average 




/Vs, threshold voltage Vth = 
56 V and On/Off ratio = 5×10
5
. However, when operated in air, the device 









 for n-channel operation 









p-channel operation. The hole transport was enhanced in ambient perhaps due 
to doping by molecular oxygen. Such an ambipolar charge transporting 
character and the observed amphoteric redox behavior must originate from its 
small band gap. Atomic force microscope (AFM) measurements showed 
highly homogeneous and crystalline structure after thermal annealing, which is 




In summary, the first tetracene diimide TT-TDI fused with four electron rich 
thiophene units has been successfully synthesized. It was found that the HOMO 
energy level of the precursors together with careful reactive site control is 
crucial for successful oxidative cyclization mediated by ferric chloride. TT-TDI 
has a small band gap of 1.52 eV due to intramolecular donor-acceptor 
interaction as well as extended π-conjugation, and it displays amphoteric redox 
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behavior. It is worth noting that, although with a nonplanar core structure, the 
TT-TDI showed ordered self-assembly with a lamellar packing motif observed 
and it exhibited room-temperature liquid crystalline properties. Ambipolar 
charge transport was observed in thin film field-effect transistors with electron 

















observed. Although the observed ambipolar mobility is not high, this work is 
believed to shed light for the development of acene-imide chemistry with a new 
type of acene-imide hybrid molecule developed and preparation of ambipolar 
OFET materials. A low band gap of TT-TDI which is due to the intramolecular 
donor-acceptor charge transfer is believed to be critical for the ambipolar 
behavior observed. 































































 From 0 V to 100 V
in steps of 20 V
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Figure 2.4. Output (a) and transfer (b-d) characteristic of the OFETs based on 




Figure 2.5. AFM images of the thin films of TT-TDI after annealing at 90 
o
C: 
(a) height mode; (b) phase mode. 
 
2.4 Experimental 
2.4.1 General  
 
Anhydrous toluene and THF were distilled over sodium under nitrogen 





C NMR spectra were recorded using Advance 
300MHz and 500MHz Bruker spectrometer in CDCl3. All chemical shifts were 
quoted in ppm, relative to tetramethylsilane, using the residual solvent peak as 
a reference standard. MALDI-TOF mass spectra were measured on a Bruker 
Autoflex MALDI-TOF instrument using 1,8,9- trihydroxyanthracene as the 
matrix. Elemental analyses (C, H, N, S) were performed on a Vario EL 
Elementar (Elementar Analyzen-systeme, Hanau, Germany). UV-vis 
absorption and fluorescence spectra were recorded on a Shimadzu UV-1700 
spectrophotometer and a RF-5301 fluorometer, respectively. Cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) measurements 
were performed in dry dichloromethane or dry chlorobenzene on a CHI 620C 
electrochemical analyzer with a three-electrode cell, using 0.1 M Bu4NPF6 as 
supporting electrolyte, AgCl/Ag as reference electrode, gold disk as working 
electrode, Pt wire as counter electrode, and scan rate at 50 mV/s. The potential 
was externally calibrated against the ferrocene/ferrocenium couple. Thermo 
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gravimetric analysis (TGA) was carried out on a TA instrument 2960 at a 
heating rate of 10 ºC/min under nitrogen flow. Differential scanning 
calorimetry (DSC) was performed on a TA instrument 2920 at a 
heating/cooling rate of 10 ºC/min under nitrogen flow. The initial phase 
transitions and corresponding temperatures were determined by the 
OLYMPUS BX51 polarizing optical microscope (POM) equipped with a 
Linkam TP94 programmable hot stage. Room temperature XRD 
measurements were performed on a Bruker-AXS D8 DISCOVER with 
GADDS Powder X-ray diffractometer with Cu Kα radiation. 
 
2.4.2 Device fabrication and characterization details 
 
Top-contact, bottom-gate TFT devices were prepared according to Bao’s 
method.
12
 A heavily p-doped silicon wafer with a 200-nm thermal SiO2 layer 
was used as the substrate/gate electrode, and the SiO2 layer serving as the gate 
dielectric. The SiO2/Si substrate was cleaned with acetone and isopropanol, 
then immerse in a piranha solution for 8 minutes, followed by rinsing with 
deionized water, and then casting with 3mM OTMS solution in 
trichloroethylene and placed in an environment saturated with ammonia vapor 
for 7 hours at room temperature. The semiconductor layer was deposited on 
top of the OTMS-modified dielectric surface by spin-coating the hot solution 
of TT-TDI in chloroform (8 mg/mL) at 1500 rpm for 60 seconds. Then the 
thin films were annealed at 90°C for 30min in N2 atmosphere. Subsequently, 
gold source/drain electrodes were deposited by thermal evaporation through a 
metal shadow mask to create a series of FETs with various channel length (L = 
100 or 200 m) and width (W = 1 or 3 mm) dimensions. The FET devices 
were then characterized using a Keithley SCS-4200 probe station in the N2 
glovebox or in air. To minimize leakage currents, small trenches in the thin 
film around the electrodes were created with a needle. The FET mobility was 
 36 
 
extracted using the following equation in the saturation regime from the gate 
sweep:  
   
 
  
         
  
where ID is the drain current, μ is the field-effect mobility, Ci is the capacitance 
per unit area of the gate dielectric layer (SiO2, 200 nm, Ci = 17.25 nF cm
-2
), 
and VG and VT are gate voltage and threshold voltage, respectively. W and L 
are respectively channel width and length. 
Tapping-mode atomic force microscopy (TM-AFM) was performed on a 
Nanoscope V microscope (Veeco Inc.). X-ray diffraction (XRD) patterns of 
the thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS 
X-ray diffractometer. Copper Kα line was used as a radiation source with λ = 
1.5406 Å. 
 
2.4.3 Detailed synthetic procedures and characterization data 
 
Compound 2-4: To a dry round bottom flask loaded with dry toluene (30 mL), 
compound 2-3 (480 mg), 5-dodecyl-2-(tributylstannyl)thiophene (3.2 g) and 
tetrakis(triphenylphosphine) palladium (0) (65 mg) were added. 
Freeze-pump-thaw was carried out three times. After that the mixture was warmed 
up to 90 
o
C under argon and stirred overnight. After cooling, the solvent was 
removed by rotary evaporation and the residue was dissolved with chloroform and 
washed with brine for 3 times. The collected organic layer was dried over sodium 
sulphate for 15 min. The salt was removed by filtration and the organic solvent 
was removed by rotary evaporation. The residue was subject to silica gel column 
chromatography purification (Hexane:CHCl3 = 2:1). The collected red compound 
was precipitated from methanol to give compound 2-4 as a red powder (470 mg) 
in 63% yield. 
1
H NMR (500MHz, CDCl3): ppm = 6.61 (d, J = 3.75 Hz, 4H), 6.45 
(d, J = 3.8 Hz, 4H), 3.40 (t, J = 7.6 Hz, 4H), 2.79 (t, J = 7.6 Hz, 8H), 1.63 (t, J = 
6.9 Hz, 8H), 1.31-1.21 (m, 96H), 0.89-0.84 (m, 18H). 
13
C NMR (125MHz, 
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CDCl3): ppm = 161.65, 147.92, 142.99, 136.32, 127.35, 126.94, 125.23, 123.85, 
41.33, 31.95, 31.79, 30.12, 29.77, 29.72, 29.48, 29.41, 29.28, 29.02, 28.03, 27.03, 
22.72, 22.65, 14.14, 14.09. MALDI TOF MS: 1493.60 [M+H]; calculated exact 
mass: 1492.99. Elemental Analysis: calculated for C94H142N2O4S4: C 75.65, H 
9.59, N 1.88, S 8.59, found C 75.57, H 9.58, N 1.92, S 8.66. 
 
Compound TT-TDI: To a dry flask loaded with dry dichloromethane (20 mL), 
compound 2-4 (152 mg) was added and the solution was purged with argon for 15 
min. Ferric chloride powder (131 mg) was dissolved in nitromethane (1 mL) and 
the solution was then injected into the flask dropwise. The solution was stirred at 
room temperature for 30 min and then quenched by 20 ml of methanol. The crude 
compound was collected by filtration and subject to column chromatography to 
afford TT-TDI (120 mg) as a dark blue powder in 80% yield. 
1
H NMR ( 500 
MHz, CD2Cl2):  ppm = 7.31 (d, J = 4.4Hz, 4H), 4.40 (t, J =7.55 Hz, 4H), 2.97 (t, 
J = 7.55Hz, 8H), 2.06 (t, J = 6.95 Hz, 4H), 1.85-1.79 (m, 8H), 1.60 (t, J = 8.2 Hz 
4H), 1.46-1.27 (m, 88H), 0.90-0.76 (m, 18H). 
13
C NMR (125 MHz, CDCl3): ppm 
= 165.54, 151.57, 139.19, 130.97, 130.17, 121.22, 120.71, 119.36, 42.80, 31.92, 
31.89, 31.16, 30.34, 29.67, 29.65, 29.57, 29.55, 29.40, 29.35, 29.29, 29.26, 29.12, 
27.21, 22.68, 14.10. MALDI TOF MS: 1489.66 [M+H]; calculated exact mass: 
1488.96. Elemental Analysis: calculated for C94H138N2O4S4: C 75.86, H 9.35, N 
1.88, S 8.62, found C 75.52, H 9.67, N 1.84, S 8.63. 
 
Compound 2-5: To a round bottom flask loaded with dry THF (30 mL), 
thiophene (5 g) was added and the mixture was cooled to -78 
o
C by acetone/dry 
ice bath. n-BuLi in hexane solution (1.6M, 35mL) was added dropwise. After 
stirring at -78 
o
C for 30 min, the mixture was warmed to room temperature and 
stirred for another 30 min. The mixture was then cooled down to -78 
o
C and 
tributyl tin chloride (18 g) was added dropwise. The mixture was stirred at -78 
o
C 
for another 3h before it was warmed to room temperature. After three more hours, 
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the solvent was removed by rotary evaporation. The remaining oil was diluted 
with chloroform and washed with brine for 3 times. The collected organic layer 
was dried over sodium sulphate for 30min and the organic solvent was removed 
by rotary evaporation. The collected orange oil was dried under vacuum for 
another 3h and used directly for the next step. To a round bottom flask loaded with 
dry toluene (10 mL), compound 2-3 (600 mg), 2-thienyltributylstannane (3.3 g) 
and tetrakis(triphenylphosphine) palladium (0) ( 86 mg) were added and 
freeze-pump-thaw was carried out for 3 times. After warming to room temperature, 
the mixture was heated to 90 
o
C and stirred for 12h. After cooling, the solvent was 
dried by rotary evaporation and the residue was dissolved in chloroform and 
extracted with brine. The collected organic layer was dried over sodium sulphate 
and the organic solvent was removed by rotary evaporation. The crude product 
was purified by silica gel column chromatography (Hexane: Chloroform = 1:1) 
and the collected red compound was precipitated from methanol to give 2-5 (340 
mg) as a red powder in 56% yield. 
1
H NMR (500 MHz, CDCl3): ppm = 7.39-7.38 
(m, 4H), 6.98-6.96 (m, 4H), 6.68-6.67 (m, 4H), 3.95-3.92 (t, J = 7.55 Hz, 4H), 
1.25-1.21 (m, 24H), 0.86-0.84 (t, J = 6.95 Hz 6H). 
13
C NMR (125 MHz, CDCl3): 
ppm = 161.31, 142.81, 138.73, 127.78, 127.29, 127.00, 126.78, 125.60, 41.39, 
31.73, 29.31, 29.21, 27.97, 26.97, 22.61, 14.06. MALDI TOF MS: 819.41 [M+H]; 
calculated exact mass: 819.24. Elemental Analysis: calculated for C46H46N2O4S4: 
C67.45, H5.66, N 3.42, S15.66, found C 67.59, H 5.83, N 3.38, S 15.45. 
 
Compound 2-6: To a dry round bottom flask loaded with dry DMF (10 mL), 
compound 2-5 (160 mg) and NBS (155 mg) were added. The flask was light 
shielded and stirred at room temperature over night. The solvent was removed by 
heating under vacuum and the residue was dissolved in chloroform and washed 
with brine. The collected organic layer was dried over sodium sulphate and the 
organic solvent was removed by rotary evaporation. The residue was subject to 
column chromatography (Hexane:Chloroform = 1:1) and the collected red 
 39 
 
compound was purified by recrystallization in ethanol to give 2-6 (194 mg) as a 
red powder in 87% yield. 
1
H NMR (500 MHz, CDCl3): ppm = 6.95 (d, J =3.75 Hz, 
4H), 6.45 (d, J = 3.8 Hz, 4H), 3.97-3.94 (t, J = 7.55 Hz, 4H), 1.24-1.23 (m, 24H), 
0.86-0.84 (t, J = 6.9 Hz, 6H). 
13
C NMR (125 MHz, CDCl3): ppm = 160.87, 141.56, 
139.70, 129.86, 128.18, 127.48, 125.78, 114.02, 41.54, 31.75, 29.28, 29.23, 27.97, 
26.99, 22.63, 14.09. MALDI TOF MS: 1135.28 [M+H]; calculated exact mass: 
1134.88. Elemental Analysis: calculated for C46H42Br4N2O4S4: C 48.69, H 3.73, N 
2.47, S 11.30, found C 48.84, H 3.81, N 2.48, S 11.39. 
 
Compound 2-7: To a round bottom flask loaded with degassed toluene (6 mL) 
and water (1 mL), compound 2-6 (40 mg), phenyl boronic acid (200 mg), 
tetrakis(triphenylphosphine) palladium (0) (10 mg) and potassium carbonate (20 
mg) were added. Freeze-pump-thaw circle was carried out three times and the 
mixture was stirred at 85 
o
C overnight. After cooling, the solvent was removed by 
rotary evaporation. The residue was dissolved in chloroform and washed with 
brine. The collected organic layer was dried over sodium sulphate and the organic 
solvent was removed by rotary evaporation. The residue was subject to column 
chromatography separation (Hexane : Chloroform = 1:1) and the collected purple 
compound was further purified by precipitation in methanol to give 2-6 (40 mg) 
as a purple powder quantitatively.
 1
H NMR (500 MHz, CDCl3): ppm = 7.56 (d, J 
=7.6 Hz, 8H), 7.35-7.32 (m, 8H), 7.25-7.23 (m, 4H), 7.20 (d, J = 3.8 Hz, 4H), 
6.71(d, J = 3.75 Hz, 4H), 3.99 (t, J = 7.6 Hz, 4H), 1.57 (m, 4H), 1.25-1.20 (m, 
20H), 0.83 (t, J = 6.9 Hz, 6H). 
13
C NMR (125 MHz, CDCl3): ppm = 161.39, 
146.23, 142.39, 138.01, 134.09, 128.79, 127.54, 127.35, 125.78, 125.70, 125.57, 
123.04, 41.49, 31.76, 29.72, 29.36, 29.24, 28.04, 27.03, 22.71, 22.59, 14.14, 14.08. 
MALDI TOF MS: 1123.76 [M+H]; calculated exact mass: 1123.36. Elemental 
Analysis: calculated for C70H62N2O4S4: C 74.83, H 5.56, N 2.49, S 11.42, found C 




Compound 2-8: 4-(Trifluoromethyl)phenylboronic acid was prepared according 
to literature.
13
 To a round bottom flask loaded with degassed toluene (6 mL) and 
water (1 mL), compound 2-6 (40 mg), 4-(trifluoromethyl)phenyl boronic acid 
(200 mg), tetrakis(triphenylphosphine) palladium (0) (10 mg) and potassium 
carbonate (20 mg) were added. Freeze-pump-thaw circle was carried out three 
times and the mixture was stirred at 85 
o
C overnight. After cooling, the solvent 
was removed by rotary evaporation. The residue was dissolved in chloroform and 
washed with brine. The collected organic layer was dried over sodium sulphate 
and the organic solvent was removed by rotary evaporation. The residue was 
subject to column chromatography separation (Hexane:Chloroform =1:1) to give 
2-8 (45 mg) as a red powder in 92% yield.
 1
H NMR (500 MHz, CDCl3): ppm = 
7.64-7.57 (m, 16H), 7.28 (d, J = 3.15 Hz, 4H), 6.75 (d, J = 3.8 Hz, 4H), 3.98 (m, 
4H), 1.54(m, 4H), 1.29-1.19 (m, 20H), 0.82 (t, J = 6.9 Hz, 6H). 
13
C NMR (125 
MHz, CDCl3): ppm = 161.14, 144.37, 142.10, 139.30, 137.25, 129.16, 127.53, 
125.84, 125.74, 125.14, 124.34, 122.98, 41.54, 31.74, 29.30, 29.22, 28.00, 26.98, 
22.57, 14.02. MALDI TOF MS: 1395.88 [M+H]; calculated exact mass: 1395.31. 
Elemental Analysis: calculated for C74H58F12N2O4S4: C 63.69, H 4.19, N 2.01, S 
9.19, found C 63.81, H 4.23, N 2.09, S 9.09. 
 
Compound 2-9: 4-(tert-Butyl)phenylboronic acid was prepared according to 
reported literature.
14
 To a round bottom flask loaded with degassed toluene (6 mL) 
and water (1 mL), compound 2-6 (40 mg), 4-(tert-butyl)phenyl boronic acid (200 
mg), tetrakis(triphenylphosphine) palladium (0) (10 mg) and potassium carbonate 
(20 mg) were added. Freeze-pump-thaw circle was carried out three times and the 
mixture was stirred at 85 
o
C overnight. After cooling, the solvent was removed by 
rotary evaporation. The residue was dissolved in chloroform and washed with 
brine. The collected organic layer was dried over sodium sulphate and the organic 
solvent was removed by rotary evaporation. The residue was subject to column 
chromatography separation (Hexane:Chloroform =1:1) to give 2-9 (43 mg) as a 
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purple powder in 91% yield.
 1
H NMR (500 MHz, CDCl3): ppm = 7.50(d, J = 
8.37Hz, 8H), 7.37(d, J = 8.37 Hz, 8H), 7.15 (d, J = 3.78 Hz, 4H), 6.67 (d, J = 3.63 
Hz, 4H), 3.96 (t, 4H), 1.36-0.81 (m, 60H), 0.82 (t, J = 6.9Hz, 6H). 
13
C NMR (125 
MHz, CDCl3): ppm =161.42, 150.67, 146.22, 142.42, 137.56, 131.37, 128.66, 
127.27, 125.69, 125.49, 125.41, 122.65, 41.46, 34.61, 31.80, 31.28, 29.72, 29.37, 
29.27, 28.03, 27.05, 22.61, 14.01. MALDI TOF MS: 1348.14 [M+H]; calculated 
exact mass: 1347.61. Elemental Analysis: calculated for C86H94N2O4S4: C 76.63, 
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Chapter 3  







 based molecules have been intensively 
investigated as n-type semiconductors for organic field effect transistors 
(OFETs). The interest on this electron deficient core stems from the early 
observation of the n-type behavior
1c
 as well as the versatile tuning of their 
chemical and electronic properties by varying the substituents at the imide 
position
2
 or on the naphthalene backbone.
3
 In order to achieve applicable 
electron transporting materials with high charge carrier mobility and good air 
stability, the lowest unoccupied molecular orbital (LUMO) energy level of the 
parent NDI need to be further lowered in order to guarantee the stability of the 
generated radical anion in the device. To address this issue, introduction of 
electron withdrawing cyano groups into the NDI framework is therefore 
believed to be efficient and synthetically accessible.
4 
Marks’ group has reported mono- and di-cyanated NDI (3-1, Figure 3.1) 







 by vapor deposition processing method. It also showed good device 
stability at ambient conditions. To further increase the electron affinity of the 
core, Matile’s group attempted the synthesis of tetra-cyano NDI (3-2, Figure 
3.1) starting from the tetrabrominated NDI analog. However, the synthesis was 
found to be challenging and intractable mixtures were obtained instead of the 
target molecule, possibly due to the expected ultra-high electron deficiency of 
the target molecule.
5, 6
 This work raises two questions: 1) does the 
tetra-cyanated NDI (3-2) really exist? 2) If it exists, why does it decompose 
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and what are decomposition products? 
 
 
Figure 3.1. Structures of cyanated NDIs. 
 
To address these problems and better understand the issue, the synthesis of 
tetracyanated naphthalene diimide by a step-wise palladium catalyzed 
cyanation methodology which is carried out at milder conditions is carried out. 
Our strategy herein is to synthesize the partially cyanated NDIs, i.e., 3-4 to 3-6 
from the tetrabromo-NDI 3-3 (Scheme 3.1). By studying the intermediates of 
this cyanation process, the synthetic problems of 3-2 would be better 
understood. The partially cyanated NDIs are useful as well for the application 
of air-stable n-channel OFETs. 
 
3.2 Results and discussion 
3.2.1 Synthesis 
 
The synthesis of the cyanated NDIs 3-4 to 3-7 is shown in Scheme 3.1. The 
cyanation of tetrabromo-NDI 3-3
7
 was first attempted by using 
CuCN/DMF/reflux protocol
8
 which was reported successful for cyanation of 
other electron deficient systems.
1f
 However, under such condition, the reaction 
was plagued by severe side reactions and it generated a mixture of intractable 
products which are difficult to identify. This was consistent with the results 
from Matile’s group.6 The palladium catalyzed cyanation protocol9 which 
could be carried out at milder conditions was then attempted. The cyanation of 
3-3 was successfully carried out with Pd2(dba)3 as Pd source, 
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1,1'-bis(diphenylphosphino)ferrocene (dppf) as ligand, CuCN as cyanide 
source and dioxane as solvent. The amount of catalyst and ligand as well as the 
reaction temperature had to be carefully controlled. The amount of palladium 
catalyst had to be less than 0.03 equiv per bromine and the amount of ligand 
less than 0.06 equiv per bromine. Otherwise, phosphonium salt formation 
would be observed as the major side reaction, especially at elevated 
temperatures.
10
 By setting the reaction temperature at 50 
o
C, the tetra-cyanated 
product 3-7 was obtained after 24 h and its presence was confirmed by 
MALDI-TOF MS analysis of the reaction solution (Figure 3.2(a)). However, it 
was sensitive to moisture and silica gel which made the purification 
unsuccessful. The decomposition products of 3-7 in air were analyzed by 
MALDI-TOF MS (Figure 3.2(b)) and it was found that hydrolysis happened 
with 3-7, most probably on the cyano groups. This side reaction would be 
caused by the too low-lying LUMO of 3-7 which made it vulnerable to attack 
even by weak nucleophiles such as water. 
 
Scheme 3.1. Synthesis of cyanated naphthalene diimides 3-4 to 3-8. 
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In order to probe this stability issue, a step-wise cyanation on 3-3 by 
running the reaction at room temperature was then carried out. All cyanated 
compounds 3-4 to 3-7 were detected during the reaction by MALDI-TOF mass 
spectrometry as shown in Figure 3.2(c). The mono-cyanated and di-cyanated 
naphthalene diimides 3-4 and 3-5 as major products were successfully 
separated by column chromatography after reaction for 8 and 16 h, respectively. 
After 48 h, almost only the tetracyano- NDI 3-7 was detected. Unfortunately, 
3-6 and 3-7 could not be separated due to quick decomposition upon contact 
with moisture or silica gel. Interestingly, for the di-cyanated compound, only 
one isomer was found even though three isomers should be theoretically 
possible. The structure of 3-5 was unambiguously confirmed by the 
single-crystal analysis of compound 3-8, which was prepared by nucleophilic 
attack of the two bromines on 3-5 by 4-tert-butylthiophenol (Scheme 3.1). This 
unexpected region-selectivity could be ascribed to two reasons: first, the 
second cyanation was directed by the electron-withdrawing effect of the first 
cyano group, and secondly, the reaction was conducted at room temperature 
with a slow rate and hence the thermodynamically controlled cyanation would 
occur at sites with least steric hindrance.  
 
3.2.2 Photophysical and electrochemical properties 
 
The absorption behavior of the isolated species 3-3, 3-4, 3-5 and 3-8 was 
measured in dilute chloroform solution (Figure 3.3). Solutions of 3-3 to 3-5 in 
chloroform show well-resolved absorption bands at 300-460 nm, with only 
slight shift of the absorption maximum upon cyanation. The optical energy 
gaps of 3-3 to 3-5 estimated from the absorption onset at the longest 
wavelength are nearly the same, i.e., 2.77 eV. Compound 3-8 shows an entirely 
different absorption spectrum, with a large broad absorption peak centered at 
620 nm, which was believed to be due to the intramolecular charge transfer. 
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Figure 3.2. (a) MALDI-TOF mass spectrum of the reaction mixture after 
reaction at room temperature for 48h (taken before workup); (b) MALDI-TOF 
mass spectrum of the decomposed mixture of 3-7 upon exposure to air for 1h; 
(c) MALDI-TOF mass spectrum of the reaction mixture after reaction at room 
temperature for 24h. 
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Figure 3.3. UV-vis absorption spectra of compounds 3-3, 3-4, 3-5 and 3-8. 
 
The electrochemical properties of 3-3 to 3-5 were investigated by cyclic 
voltammetry (Figure 3.4(a)). Compound 3-3 exhibited two reversible reduction 
waves with half-wave potential E1/2
red
 at -0.66 and -1.11 V (vs. Fc
+
/Fc). 
Compound 3-4 showed two similar reversible reduction waves with E1/2
red
 at 
-0.45 and -1.00 V, and one quasi-reversible reduction wave with E1/2
red
 at -1.56 
V. Compound 3-5 showed three quasi-reversible reduction waves with E1/2
red
 at 
-0.89, -1.26 and -1.48 V. The LUMO energy levels of 3-3, 3-4 and 3-5 were 
estimated to be -4.02, -4.21 and -4.42 eV, respectively, based on the onset 
potential of the first reduction wave. It was worthy to note that after 
replacement of one bromine atom with a cyano group, the LUMO energy level 
was reduced by ca. 0.2 eV, showing a good linear relationship with the number 
of CN groups (Figure 3.4(b)). DFT (B3LYP/6-31G*) calculations predicted 
that the LUMO energy levels of 3-3 to 3-7 are -3.69, -3.95, -4.25, -4.54, and 
-4.82 eV, which also exhibit a good linear relationship with the number of CN 
groups (Figure 3.4(b)). Thus, it is reasonable to make a linear extrapolation of 
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the experimental plot and the LUMO energy levels of 3-6 and 3-7 are 
estimated to be -4.62 and -4.82 eV, respectively. The very low-lying LUMO 
energy levels reflected the highly electron-deficient nature of 3-6 and 3-7, 
which would be the most probable origin of their instability. 








































Figure 3.4. (a) CV curves of compounds 3-3 to 3-5; (b) Plots of the calculated 
(DFT at B3LYP/6-31G* level) and experimental LUMO energy levels of 3-3 




3.2.3 Thin film and field effect transistor characterizations 
 
Field effect transistors with 3-3 to 3-5 as active component were fabricated 
in a bottom-gate, top-contact configuration. Thin film of semiconductor 
materials was deposited at different substrate temperature Td by vapor 
deposition onto p+-Si wafer with 200 nm of thermally grown SiO2 as the 
dielectric layer. The SiO2 substrate was modified by either 
octadecyltrimethoxysilane (OTMS) or without any modification. The typical 
transfer and output curves measured in N2 on OTMS modified substrate with 
Td = 60 
o
C are shown in Figure 3.5 and the device characteristics data at 
various Td temperatures are collected in Table 3.1. All the devices exhibit 
typical n-channel behavior and the highest electron mobility measured in N2 is 
0.018, 5.1×10
-4






 for 3-3, 3-4 and 3-5, respectively. The 
electron mobilities are dependent on Td and dielectric surface treatment. For 













 for thin film deposited at 100 
o
C. The thin film on OTMS/SiO2 






) compared to bare SiO2 








. The threshold 
voltage (Vth) shifts to more negative with increasing the number of cyano 
groups from 3-3 to 3-5, indicating the higher the electron affinity, the easier it 
is to create mobile electrons at low gate bias. 
Thin films of 3-3 to 3-5 deposited at Td =100 
o
C exhibited a similar X-ray 
diffraction pattern which can be correlated to a lamellar packing mode (Figure 
3.6) with a d(001) spacing of 17.0, 18.4, and 18.5 Å, respectively. Thin film of 
3-4 showed less intense and broader diffraction peaks compared with 3-3 and 
3-5, indicating a less ordered microstructure. AFM images revealed highly 
crystalline surface microstructure and the crystallite size tended to increase 
with increasing Td for all compounds (Figure 3.6), which can explain the 
higher mobility at the higher substrate temperature due to minimized grain 
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boundaries. Thin film of 3-4 exhibited smaller grains and much more grain 
boundaries, which limit the efficient charge transport and correspond to lower 
charge carrier mobility.  
 




































































































VGS From 0V to 80V





































































VGS From 0V to 80V

























VGS From 0V to 80V
in steps of 20V
 
Figure 3.5. Representative OFET transfer and output characteristics of 3-3 (a, 
b), 3-4 (c, d), and 3-5 (e, f) (Td = 60 
o
C) on OTMS modified substrates in N2. 
 
Table 3.1. OFET characteristics data for 3-3 to 3-5 measured in N2 and in air 
on OTMS modified substrates. 
 









































































































The OFET devices operated under ambient conditions showed different 
degree of degradation (Table 3.1). 3-3 with the lowest electron-affinity 
exhibited the largest device variations (~1000×) while 3-5 with the highest 
electron-affinity showed a smaller decrease in charge carrier mobility by a 
factor of ~10×. This trend gave a sign that the n-type ambient sensitivity could 
be decrease with increasing of electron-affinity. The Vth of 3-3 was 
significantly shifted to positive with about 15~30V due to electron traps at the 
interface between the semiconductor and dielectric. However, the Vth of 3-4 
and 3-5 were both slightly shifted to negative voltage maybe due to 
unintentional doping by electron-rich chemical functionalities and/or the local 
electric field.
11
 The electron trap sites like silanol groups on SiO2 could be 
neglected when the LUMO of semiconductor is lower than -3.8 eV,
12
 which 




















































































Figure 3.6. X-ray diffraction patterns and tapping mode AFM images of the thin 
films deposited at the indicated substrate temperature on OTMS modified SiO2 
substrates for compound (a) and (b) 3-3; (c) and (d) 3-4; (e) and (f) 3-5. (For the 




In summary, stepwise cyanation of tetrabromo-naphthalene diimide 3-3 
gave a series of cyanated compounds 3-4 to 3-7. The mono- and di-cyanated 
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naphthalene diimide were found to be stable at ambient conditions while the 
tri- and tetra-cyanated compounds were unstable and readily underwent 
hydrolysis upon contact with moisture. For the di-cyanated NDI 3-5, only one 
isomer was found and its structure was unambiguously confirmed by the single 
crystal analysis of compound 3-8, which was prepared from 3-5 by 
nucleophilic substitution reaction. The electron affinity showed a good linear 
relationship with the number of the cyano groups and the extremely low-lying 
LUMO energy level of 3-6 and 3-7 make them unstable to moisture. The 
mono- and di-cyanated NDIs 3-4 and 3-5 however can be obtained as stable 
n-type semiconductors and used for air-stable n-channel OFETs with moderate 
electron mobilities obtained. This research implies that on the way to search 
new high performance n-type semiconductors, one nedds to find a good 
balance between the materials stability and device stability by careful control 







All reagents and starting materials were obtained from commercial sources 
and used without further purification. Anhydrous dioxane was distilled over 
sodium under nitrogen atmosphere before using. The details of the 
characterization techniques including NMR, MS, UV-vis, PL, CV, DPV and 
XRD are described in Chapter 2 experimental section 2.4.1. 
 
3.4.2 Device fabrication and characterization details 
 
Top-contact, bottom-gate configuration was used for all OFETs devices. 
Thin films of semiconductors about 30 nm were deposited from vapor phase 
on p+-Si wafer with 200 nm of thermally grown SiO2 as the dielectric layer. 
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The wafers were cleaned with acetone and isopropanol, then immerse in a 
piranha solution for 8 minutes. Followed by rinsing with deionized water, and 
then spin casting with 3 mM OTMS solution in trichloroethylene and placed in 
an environment saturated with ammonia vapor for 7 hours at room temperature 
prior to semiconductor film deposition. Semiconductor materials thin film 
were deposited at Td = rt, 60, 100, 140 
o
C by vapour deposition (1×10
-7
 Torr, 
0.2 Å/s). The devices were completed by depositing Au (60 nm thick) onto the 
thin films through a shadow mask with a channel width of 120 um and length 
of 1 and 4 mm. The thin films were characterized with OFET measurements, 
X-ray diffraction and tapping-mode atomic force microscopy. The FET devices 
were characterized using a Keithley SCS-4200 semiconductor parameter 
analyzer in the N2 atmosphere or in air. The FET mobility was extracted using 
the following equation in the saturation regime from the gate sweep: 
   
 
  
         
  
where ID is the drain current, μ is the field-effect mobility, Ci is the capacitance 
per unit area of the gate dielectric layer (SiO2, 200 nm, Ci = 17 nF cm
-2
), and 
VG and VT are gate voltage and threshold voltage, respectively. W and L are 
respectively channel width and length.  
Tapping-mode Atomic Force Microscopy (TM-AFM) was performed on a 
Nanoscope V microscope (Veeco Inc.) X-ray diffraction (XRD) patterns of the 
thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS 
X-ray diffractometer. Copper Kα line was used as a radiation source with λ = 
1.5406 Å. 
 
3.4.3 Synthetic details and characterization data 
 
Compound 3-4: To a dry round bottom flask was added 
tetrabromonaphthalene diimide 3-3 (200 mg, 0.248 mmol), Pd2(dba)3 (25 mg, 
0.027 mmol), dppf (25 mg, 0.045 mmol), CuCN (900 mg, 10.04 mmol) and 
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dry dioxane (20 mL). The solution was then stirred at room temperature for 8 
h. The mixture was then filtered and washed with chloroform. The solvent in 
the collected solution was removed by rotary evaporation and the residue was 
diluted with chloroform and washed with brine for three times. The collected 
organic potion was dried and the crude product was subject to flash column 
chromatography (Hexane: Chloroform = 1:1) to afford the title product 3-4 as 
a yellow compound (120 mg, 64%). 
1
H NMR (500 MHz, CDCl3): ppm = 
4.24-4.19 (m, 4 H), 1.76-1.74 (m, 4 H), 1.44-1.25 (m, 20 H), 0.89-0.86 (m, 6 
H). 
13
C NMR (125 MHz, CDCl3): ppm = 159.33, 159.25, 159.08, 158.31, 
139.48, 137.59, 131.25, 129.04, 128.82, 125.87, 125.80, 125.48, 125.12, 
120.97, 114.80, 42.90, 42.77, 31.75, 29.21, 29.19, 27.89, 27.80, 27.09, 27.06, 
22.62, 14.07. HR-EI-MS: 751.0078, calculated exact mass: 751.0079 (error = 
0.11 ppm). 
Compound 3-5: To a dry round bottom flask was added 
tetrabromonaphthalene diimide 3-3 (200 mg, 0.248 mmol), Pd2(dba)3 (25 mg, 
0.027 mmol), dppf (25 mg, 0.045 mmol), CuCN (900 mg, 10.04 mmol) and 
dry dioxane (20 mL). The solution was stirred at room temperature for 16 h. 
The mixture was then filtered and washed with chloroform. The solvent in the 
collected solution was removed by rotary evaporation and the residue was 
diluted with chloroform and washed with brine for three times. The collected 
organic potion was dried and the crude product was subject to flash column 
chromatography (Hexane: Chloroform = 1:3) to afford the title product 3-5 as 
a yellow compound (105 mg, 61%). 
1
H NMR (500 MHz, CDCl3): ppm = 
4.27-4.24 (t, J = 7.55 Hz, 4 H), 1.80-1.77 (t, J = 7.55Hz, 4 H), 1.45-1.28 (m, 
20 H), 0.91-0.88 (t, J = 6.9 Hz, 6H). 
13
C NMR (125MHz, CDCl3): ppm = 
158.64, 157.88, 132.58, 129.08, 127.50, 125.77, 123.73, 114.13, 42.69, 31.67, 
29.09, 29.05, 27.76, 26.98, 22.50, 13.87. HR-EI-MS: 698.0940, calculated 




Compound 3-8: To a dry round bottom flask was added dibromodicyano 
naphthalene diimide 3-5 (150 mg, 0.21 mmol), K2CO3 (180 mg, 1.30 mmol), 
4-tert-butylthiophenol (360 mg, 2.17 mmol) and CHCl3 (10 mL). The mixture 
was heated at 80 
o
C for 1h. After cooling to room temperature, the mixture 
was washed with brine for three times. The collected organic potion was 
concentrated by rotary evaporation and the residue was subjected to column 
chromatography (chloroform as eluent). The title compound 3-8 was obtained 
as a dark blue powder (102 mg, 55%). 
1
H NMR (500 MHz, CDCl3): ppm = 
7.34-7.33 (d, J = 8.8 Hz, 4 H), 7.23-7.21 (d, J = 8.2 Hz, 4 H), 4.08-4.05 (t, J = 
7.55 Hz, 4 H), 1.62-1.59 (t, J = 7.55 Hz, 4 H), 1.33-1.25 (m, 38 H), 0.87 (m, 6 
H). 
13
C NMR (125 MHz, CDCl3): ppm = 159.57, 159.05, 152.41, 150.38, 
131.23, 131.15, 128.33, 127.00, 126.20, 125.89, 121.98, 113.57, 42.12, 34.78, 
31.75, 31.14, 29.22, 29.14, 27.67, 27.05, 22.62, 14.08. HR-EI-MS: 868.4094, 
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Cyanated diaza-tetracene diimides with ultra-high electron 
affinity for n-channel field effect transistors 
 
4.1 Introduction  
 
The lowest unoccupied molecular orbital (LUMO) energy level of an 
n-type organic semiconductor has been proven closely associated with the 
organic field effect transistor (OFET) device stability when operated in air.
1
 A 
low lying LUMO energy level is critical to stabilize the radical anions 
generated in the OFET device
2
 while on the other hand, the neutral 
semiconductor molecule tends to be attacked by nucleophiles more easily as 
the LUMO goes low.
3
 Therefore a good balance of the LUMO would be of 
great importance if one is to synthesize stable n-type semiconductors and 
detailed understanding on how LUMO is correlated to both the material 






 are among the most promising candidates for 
n-type OFET materials mainly due to their high electron affinity and versatile 
functionalization approaches either on the imide position
6
 or on the 
naphthalene core.
7
 In the search for high performance air stable n-type 
semiconductors based on naphthalene diimides, a series of cyanated NDI with 
high electron affinity have been prepared and stable materials have been 
achieved with LUMO energy level at -4.4 eV.
3
 It is also noticed that as the 
LUMO of the material goes to -4.6 eV, the neutral material tends to become 
unstable towards moisture or silica gel. Hydrolysis easily happened for the 
materials with a LUMO lower than -4.6 eV. A borderline of the LUMO energy 
level therefore has been figured out to guarantee the intrinsic stability of the 
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materials at ambient conditions. The previous work leaves two questions 
unexplored: firstly, whether the LUMO is really associated with the material 
stability at neutral state and secondly, what is the lowest possible LUMO 
energy level to achieve stable electron deficient molecules at ambient 
conditions? 
In order to challenge the lowest possible LUMO for stable n-type 
molecules and make the borderline more confined, several diaza-tetracene 
diimides (Scheme 4.1) were prepared by expanding the p-conjugation of NDI 
in the current study. Our strategy to increase the electron affinity is to combine 
the electron-withdrawing ability of cyanides, imide groups and pyrazine 
nitrogens all together and stable n-type diaza-tetracenes
8
 have been achieved 
with LUMO energy level as low as -4.53 eV. An unstable species (4-7) with a 
LUMO at -4.66 eV is also isolated and well characterized. The charge 
transport properties of the stable materials (4-3 and 4-6) are characterized in 
organic field effect transistors. 
 
4.2 Results and discussion 
4.2.1 Synthesis 
 
The synthesis of 4-3, 4-6 and 4-7 is outlined in Scheme 4.1. Compound 4-2 
was prepared by the condensation between o-phenylenediamine and 
tetrabromo naphthalene diimide 4-1
9
 at very mild condition (CHCl3, rt) in 83% 




 turned out to be 
troublesome in the current work and the target molecule was always 
contaminated with debrominated side products, which made the isolated yield 
rather low. Oxidation of 4-2 easily happened in the presence of lead dioxide to 
afford 4-3 almost quantitatively. The two bromine atoms in 4-3 are further 
activated by presence of electron withdrawing imines and therefore further 
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annulation of one more o-phenylene diamine to 4-3
11
 was also attempted. 
Surprisingly, its dihydro form 4-2 was obtained as the major product, 
indicating that the imine bonds in 4-3 were reduced by the diamine. Similar 
phenomenon was also observed in the cyanation reaction of 4-3. As 4-3 was 
subjected to cyanation in the presence of Pd2(dba)3, dppf, CuCN and dioxane,
12
 
it was found that a complete conversion to the hydrogenated form 4-2 occurred 
after 2 hours at 50 
o
C. Water in the solvent could serve as the hydrogen source 
in this reaction. Further cyanation reaction on the in situ generated 4-2 went on 
smoothly and both the monocyanted product 4-4 (in 30% yield) and dicyanated 
product 4-5 (in 24% yield) were isolated after reaction overnight. Fast 
oxidation of 4-4 and 4-5 by lead dioxide gave 4-6 and 4-7, respectively, in 
almost quantitative yields. Both 4-4 and 4-5 had very poor solubility and 
strong tendency to aggregate in chloroform and this made the collection of 
their 
13
C NMR spectra unsuccessful. However, 4-6 and 4-7 showed good 
solubility in chloroform which could be explained by the structural variation 
after oxidation (vide infra). Compound 4-7 was unstable upon contact with 
silica gel or water due to quick decomposition via nucleophilic attack by water 
or reduction on the imines (Figure 4.1). MALDI-TOF MS analysis of the 
decomposed product of 4-7 evidenced addition of two hydrogen atoms (+2H) 
and water (+H2O) when 4-7 was exposed to silica gel and air. Nevertheless, the 
quantitative conversion from 4-5 to 4-7 made the chromatography purification 




Scheme 4.1. Synthesis of cyanated aza-tetracene diimides. 
 




























Figure 4.1. MALDI-TOF MS spectrum of the decomposition product of 
compound 4-7. To record this spectrum, the freshly prepared compound 4-7 
(1mg) was dissolved in chloroform (2ml) and then silica gel powder (10mg) 
was added. The mixture was shaken for 5min and filtered. The collected 




4.2.2 Photophysical and electrochemical properties 
 
The UV-vis absorption and photoluminescence of compounds 4-2 to 4-7 
were measured in diluted chloroform solutions (Figure 4.2(a-c)). Cyanation on 
the diaza-tetracene diimide was found to have only a minor influence on the 
absorption and emission behavior for this series of molecules. However, after 
oxidation by lead dioxide, e.g. from compound 4-2 to 4-3, vivid differences 
were observed in the UV-vis spectra. For the dihydro compounds 4-2, 4-4 and 
4-5, they all showed an acene-like p-band in the region of 550-650 nm. While 
for the oxidized species (4-3, 4-6 and 4-7), the absorption in the range of 
550-600 nm were much weaker. For this series of diaza-tetracene diimides, 
they all emit in the region 600-700 nm with similar fluorescence patterns 
observed. Stokes’ shifts were small for these molecules as in agreement with 
previous results.
11 
The electrochemical properties of diaza-tetracenes 4-2 to 4-7 were 
investigated by cyclic voltammetry (CV) in dry DCM (Figure 4.3) and the 
results were summarized in Table 4.1. Compounds 4-3, 4-6 and 4-7 all showed 
multiple (quasi-) reversible reduction waves, with the half-wave potential E1/2
(n)
 
at -0.60, -0.96 V for 4-3, -0.40, -0.77 V for 4-6, and -0.26, -0.67, -1.29 V for 
4-7 (vs Fc
+
/Fc). The LUMO energy level was estimated to be -4.30 eV, -4.53 
eV and -4.66 eV, respectively, based on the onset of the first reduction wave. 
Significant decrease of LUMO levels was observed upon oxidation, which was 
due to conversion from the electron donating amines to electron withdrawing 
imines. The ultra low-lying LUMO energy level of compound 4-7 (-4.66 eV) 
was so far the lowest LUMO for well characterized NDI or aza-acene based 
materials reported up to date.
13
 The extremely high electron affinity of 
compound 4-7 would account for its intrinsic instability towards nucleophiles 
(water, silica gel etc.). Furthermore, the trend became clear now and the 













































































































































Figure 4.2. UV-vis and PL spectra of (a) compounds 4-2 and 4-3; (b) 
compounds 4-4 and 4-6; and (c) compounds 4-5 and 4-7. 
 66 
 















Figure 4.3. CV voltamograms of compounds 4-3, 4-6 and 4-7. 
 










4-2 -1.54 -5.18 -3.4 1.78 
4-3 -0.96, -0.60 -6.29 -4.3 1.99 
4-4 -1.84, -1.41 -5.36 -3.53 1.83 
4-5 -1.18, -1.78 -5.73 -3.70 2.03 
4-6 -0.77, -0.40 -6.54 -4.53 2.01 




 represents the half wave potentials of the reduction waves. 
b)
 HOMO = -(4.8+ Eonset
ox
) for 
compound 4-2 and 4-4. For the rest of samples, it is calculated based on the LUMO and the 
optical energy gap. 
c) 




 Eg is the electrochemical band gap for 




4.2.3 TD-DFT calculations 
 
Time-dependent density functional theory (TD-DFT at B3LYP/6-31G* 
level) calculations were conducted on compounds 4-2 and 4-3 to better 
understand their geometric structure and optical properties. As shown in 
Figure 4.4(a), the dihydro compound 4-2 has almost planar backbone structure 
with two imide groups on the same plane mainly due to chelating 
intramolecular hydrogen bonding between the NH and the carbonyls on the 
imides. However, after removal of the hydrogen by oxidation, compound 4-3 
possesses two possible conformers 4-3a and 4-3b (Figure 4.4(a)) and in both 
conformers the imide groups are deviated from the central diaza-tetracene 
plane which is caused by the steric congestion between the carbonyl groups 
and the lone electron pair on the imine. Such a geometrical change would 
account for the solubility enhancement after oxidation, i.e., from 4-2 to 4-3. 
For compound 4-2, TD-DFT calculation predicts a major transition at 535 nm 
(HOMO-0 to LUMO+0, f = 0.4502) and for compound 4-3, both conformers 
give similar absorption pattern with one major transition at 429 nm (mainly 
HOMO-3 to LUMO+0, f = 0.2452) and a much weaker transition at 585 nm 
(mainly HOMO-0 to LUMO+0, f = 0.0493) (Figure 4.4(b)). This result is 




























Figure 4.4. (a) Optimized structure of compounds 4-2 and 4-3; (b) calculated 
absorption spectra of compound 4-2 and 4-3. 
 
4.2.4 Thin film and field effect transistor characterizations 
 
Bottom-gate top-contact OFETs of 4-3 and 4-6 were fabricated on 
p+-Si/SiO2 substrates by spin coating 0.8 wt% chloroform solutions onto 
octadecyltrichlorosilane (OTS) treated substrates.
14
 The thin films were then 
annealed at 150 
o
C for 30 min in vacuum. Au source/drain electrodes (80 nm) 
were patterned on the organic layer through a shadow mask to afford the 
devices. The typical transfer and output curves measured in N2 are shown in 
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Figure 4.5. The device (as-cast) operated in the n-channel region and revealed 






 (Ion/Ioff = 10
5







 (Ion/Ioff = 10
5
) for 4-6. The threshold voltage was around 10 V 
for the as-spun thin films. Thermal annealing at 150 
o
C has little effect on the 
charge carrier mobility but negatively shifted the Vth by about 5 V due to 
decreased charge traps (solvent residue etc.). Thin film crystallinity was 
characterized by thin film X-ray diffraction (Figure 4.6). The XRD pattern 
exhibited the primary peak at 2θ = 5.03o for 4-3 and 4.94o for 4-6, which 
correspond to a d-spacing value of 17.56 Å and 17.87 Å, respectively. The 
intensity of the primary diffraction peak for 4-6 was about 3 times higher than 
that of 4-3, which indicated a better crystallinity of the thin film and would 
account for the observed higher mobility of 4-6. AFM images (Figure 4.7) 
revealed more homogeneous and interconnected grains for compound 4-6 
compared with 4-3, indicating that homogeneity of the thin film is essential in 
achieving high mobility. When both devices are operated in air, the device 
performance is reduced with the average electron mobility dropped by 5-10 
folds, and the Ion/Ioff value decreased by two orders of magnitude, which is 
against our expectation given the ultra low LUMO of these two materials. This 
result suggests that LUMO energy level is not the sole factor to determine the 
n-type device stability in air. The energy levels and the stability of the radical 
anions generated in the device, for example, are some of the parameters which 
should be accessed for a better understanding of the n-type device stability in 




Figure 4.5. Transfer and output characteristics of FET devices fabricated by 
solution coating of 4-3 (a, b) and 4-6 (c, d) on OTS-treated substrates for 
thermal annealed (150 
o
C) thin films under N2 conditions. 























































































































































Figure 4.6. X-ray diffraction patterns of the thin film of 4-3 and 4-6 on OTS 
modified SiO2 substrates. 
 
 
Figure 4.7. Tapping-mode AFM images of the thin film of compounds 4-3 and 
4-6. (a) compound 4-3 height mode; (b) compound 4-3 phase mode; (c) 






In summary, diaza-tetracene diimides compounds 4-3, 4-6 and 4-7 with 
high electron affinity have been prepared for n-channel organic field effect 
transistors. It is remarkable that compound 4-7 with an ultra-high electron 
affinity of 4.66 eV was isolated and well characterized although it is very 
sensitive to weak nucleophiles such as water. The electron deficiency of this 
molecule was believed to be the major cause of its observed instability. The 
decomposition product of 4-7 was analyzed by MALDI-TOF MS and it was 
found that hydrolysis (+H2O) and reduction of the imines (+2H) were the main 
decomposition pathways. This result gave a clue for the stability problem for 
many electron-deficient systems such as aza-acenes.
8
 The stable analog 
compounds 4-3 and 4-6 were successfully used for solution processible 







, respectively. Our studies shed some light on how to control the 
LUMO energy level of an n-type semiconductor to balance the device stability 





All reagents and starting materials were obtained from commercial sources 
and used without further purification. Anhydrous dioxane was distilled over 
sodium under nitrogen atmosphere before using. Dichloromethane was 
distilled over CaH2 before use. Details about the characterizations including 
NMR, MS, EA, UV-vis, PL, CV, DPV and XRD are described in Chapter 2 





4.4.2 Device fabrication and characterization details 
 
Top-contact, bottom-gate TFT devices were prepared on the p+ silicon 
wafer. And 200 nm thermal SiO2 layer serves as the gate dielectric. The SiO2/Si 
substrate was cleaned with acetone and isopropanol, then immerse in a piranha 
solution for 8 minutes, followed by rinsing with deionized water, and then 
treated with octadecyltrimethoxysilane (OTS) spin coated from 10 mM 
trichloroethylene solution. The semiconductor layer was deposited on top of 
the OTS-modified dielectric surface by spin-casting from the solutions in 
chloroform (0.8 wt%). Subsequently, gold source/drain electrodes were 
deposited by thermal evaporation through a metal shadow mask to create a 
series of FETs with channel (W/L = 40). The FET devices were then 
characterized using a Keithley SCS-4200 semiconductor parameter analyzer in 
the N2 glovebox. To minimize leakage currents, small trenches in the thin film 
around the electrodes were created with a needle. The FET mobility was 
extracted using the following equation in the saturation regime from the gate 
sweep: ID = W/(2L)Ciμ(VG - VT)
2
, where ID is the drain current, μ is the 
field-effect mobility, Ci is the capacitance per unit area of the gate dielectric 
layer (SiO2, 200 nm, Ci = 17 nF cm
-2
), and VG and VT are gate voltage and 
threshold voltage, respectively, W and L are respectively channel width and 
length. 
 
4.4.3 Synthetic procedures and characterization data 
 
4,5-Dibromo-2,7-dioctyl-[3,8]phenanthrolino[1,10-abc]phenazine-1,3,6,8(2
H,7H,9H,14H)-tetraone (4-2): To a dry round bottom flask was added 
tetrabromo naphthalene diimide 4-1 (1 g, 1.24 mmol ), o-phenylenediamine 
(10 equiv., 12.4 mmol, 1.4 g) and chloroform (30ml). The mixture was stirred 
at room temperature overnight. The solution was then condensed by rotary 
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evaporation and directly subjected to column separation (Hexane: 
Chloform=1:1 as eluent) to afford the target molecule as a blue powder (770 





H,7H)-tetraone (4-3): To a dry round bottom flask was added compound 4-2 
(500 mg, 0.66 mmol), lead dioxide (60 equiv., 40 mmol, 10 g) and chloroform 
(30 mL). The solution was stirred at room temperature for 15 min. The excess 
lead dioxide was removed by suction filtration. The collected chloroform 
solution was condensed by rotary evaporation and directly subject to column 
chromatography (Chloroform as eluent) to afford the target molecule as a dark 
red powder (470 mg, 95%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 8.38-8.35 
(m, 2H), 8.01-7.99 (m, 2H), 4.36-4.33 (t, J = 8.2 Hz, 4H), 1.90-1.87 (m, 4H), 
1.52-1.49 (m, 4H), 1.44-1.40 (m, 4H), 1.35-1.28 (m, 12H), 0.90-0.87 (t, J = 
6.95Hz, 6H). 
13
C NMR (125 MHz, CDCl3): δ ppm = 160.57, 159.78, 145.40, 
139.32, 138.14, 134.03, 130.77, 127.12, 126.17, 121.36, 42.45, 31.82, 29.35, 
29.29, 28.15, 27.29, 22.66, 14.10. HR-EI-MS: [M+2H] 752.1404, calculated 
exact mass: 752.1396, error: 1.02 ppm.  
 
5-Bromo-2,7-dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8,9,14-octahydro-[3,8]phen
anthrolino[1,10-abc]phenazine-4-carbonitrile (4-4) and 
2,7-dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8,9,14-octahydro-[3,8]phenanthrolino
[1,10-abc]phenazine-4,5-dicarbonitrile (4-5): To a dry round bottom flask 
was added compound 4-3 (1 g, 1.33 mmol), Pd2(dba)3 (5% per Br, 0.1 equiv, 
0.133 mmol, 120 mg), dppf ligand (0.2 equiv., 120 mg), CuCN (60 equiv., 80 
mmol, 8 g) and dried dioxane (40 mL). The mixture was heated to 50 
o
C 
overnight (~12h). After cooling down to room temperature, the excess amount 
of CuCN was removed by suction filtration. The collected organic solution 
was removed by rotary evaporation. A minimum amount of CHCl3 was then 
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added to dissolve the residue and it was directly subject to column 
chromatography (gradient eluent from Hexane:CHCl3 = 1:1, then chloroform, 
then chloroform:EA =20:1) to afford target molecules 4-4 (280 mg, 30%) and 
4-5 (200 mg, 24%) as blue powders.  For compound 4-4: 
1
H NMR (500 MHz, 
CDCl3): δ ppm =  13.48 (s, 1H), 13.12 (s, 1H), 7.14-7.12 (m, 2H), 6.96-6.92 
(m, 2H), 4.12-4.08 (m, 4H), 1.70-1.67 (m, 4H), 1.41-1.25 (m, 20H), 0.90-0.87 
(m, 6H). HR-EI-MS: [M] 697.2265, calculated exact mass: 697.2264, error: 
0.01 ppm. For compound 4-5: 
1
H NMR (500 MHz, CDCl3): δ ppm = 13.43 (s, 
2H), 7.26-7.18 (m, 2H), 7.06-7.04 (m, 2H), 4.18-4.15 (t, J = 7.6Hz, 4H), 
1.71-1.69 (m, 4H), 1.41-1.28 (m, 20H), 0.90-0.87 (t, J = 6.3 Hz, 6H). 
HR-EI-MS: [M] 644.3114, calculated exact mass: 644.3111, error: 0.49 ppm.  
 
5-Bromo-2,7-dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8-hexahydro-[3,8] 
phenanthrolino[1,10-abc]phenazine-4-carbonitrile (4-6): To a dry round 
bottom flask was added compound 4-4 (200 mg, 0.29 mmol), lead dioxide (60 
equiv., 17 mmol, 4 g) and chloroform (10 mL). The solution was stirred at 
room temperature for 15 min. The lead dioxide was then removed by suction 
filtration. The collected organic solution was condensed by rotary evaporation 
and directly subject to column chromatography (chloroform as eluent) to 
afford the target molecule as a dark red compound (190 mg, 95%).  
1
H NMR 
(500 MHz, CDCl3): δ ppm = 8.44-8.42 (m, 2H), 8.08-8.06 (m, 2H), 4.36-4.33 
(m, 4H), 1.88-1.86 (m, 4H), 1.52-1.50 (m, 4H), 1.49-1.40 (m, 4H), 1.33-1.25 
(m, 12H), 0.90-0.87 (m, 6H). 
13
C NMR (125 MHz, CDCl3): δ ppm =159.97, 
159.42, 159.31, 158.96, 146.04, 145.97, 140.83, 139.64, 135.08, 134.83, 
131.56, 130.94, 130.87, 130.82, 128.09, 125.75, 122.15, 121.72, 114.96, 42.41, 
42.35, 31.81, 29.71, 29.31, 29.27, 28.07, 28.01, 27.26, 27.22, 22.65, 14.10. 






0-abc]phenazine-4,5-dicarbonitrile (4-7): To a dry round bottom flask was 
added compound 4-5 (200 mg, 0.31 mmol), lead dioxide (60 equiv., 18.6 
mmol, 4.5 g) and chloroform (20 mL). The mixture was stirred at room 
temperature for 15 min. The lead dioxide was removed by suction filtration 
and the collected organic solution was condensed to a volume of ca. 5 ml by 
rotary evaporation. The concentrated solution was passed through a syringe 
filter (PTFE, ID 13 mm, 0.22 μm) to further remove the lead dioxide. The 
collected solution was removed by rotary evaporation to afford the target 
molecule as a dark red powder (190 mg, 95%). The lead content inside the 
final product is determined to be 0.16 wt% by inductively coupled plasma 
optical emission spectroscopy (ICP-OES). 
1
H NMR (500 MHz, CDCl3): δ 
ppm = 8.48-8.46 (m, 2H), 8.13-8.11 (m, 2H), 4.37-4.34 (t, J = 7.6 Hz, 4H), 
1.88 (m, 4H), 1.50 (m, 4H), 1.40 (m, 4H), 1.31-1.25 (m, 12H), 0.90-0.87 (t, J 
= 6.9 Hz, 6H). 
13
C NMR (125MHz, CDCl3): δ ppm = 160.54, 159.74, 145.34, 
139.24, 138.10, 134.03, 130.75, 127.04, 126.14, 121.32, 42.45, 31.83, 29.36, 
29.31, 28.15, 27.30, 22.67, 14.10. HR-EI-MS: [M+2H] 644.3100, calculated 
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Chapter 5  
Incorporating TCNQ into thiophene-fused heptacene for 
n-channel field effect transistor 
 
5.1 Introduction 
Acenes are a category of organic semiconductors which have attracted 
intensive attention due to their intriguing photophysical and electronic 
properties and potential use as novel charge transporting materials.
1
 The 
intrinsic electron-rich character of acenes, on one hand, favors hole 
transporting property, but on the other hand, hampers the stability of longer 
acenes. By attaching electron withdrawing groups, such as imides, cyano 
groups and/or fluorine atom, the stability of longer acenes can be greatly 
enhanced
2
 while at the same time, the charge transporting behavior can be 




7,7,8,8-tetracyano-p-quinodimethane (TCNQ) is long known as an electron 
withdrawing moiety and TCNQ based molecules have been widely applied for 
the preparation of charge transfer complexes and organic conductors.
4
 Due to 
their high electron affinity, TCNQ derivatives, especially p-extended 
derivatives, have been tested as novel n-type organic semiconductors.
5
 
It is of particular interest in incorporating TCNQ into longer acenes in hope 
of solving the stability issue of longer acenes and creating novel n-type 
organic semiconductors. The strong electron affinity of TCNQ is believed to 
be beneficial for both of the purposes. So far the longest acene-TCNQ 
derivative reported up to date is based on pentacene.
6
 In this Chapter, the 
acene-TCNQ chemistry is extended by preparing a heptacene based TCNQ 
derivative (5-1 in Scheme 5.1), with good stability and desired n-type charge 
transporting behavior observed. Fusion of four 2-dodecyl thiophene groups to 
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the two outmost benzene rings of the heptacene unit is supposed to afford 
sufficient solubility for the target compound and also further enhance the 
stability of heptacene.  
 
5.2 Results and discussion 
5.2.1 Synthesis 
The synthesis of compound 5-1 is shown in Scheme 5.1. Tetrabromo 
pentacenequinone 5-2 was prepared according to Anthony’s procedure.7 Stille 
cross-coupling between 5-2 and tributyl(5-dodecylthiophen-2-yl)stannane 
under standard condition afforded compound 5-3 in 65% yield. The 
subsequent oxidative cyclization was attempted with FeCl3/CH3NO2/CH2Cl2 
protocol which was reported to be successful for similar substrates.
8
 With 4 
equivalent of ferric chloride used at room temperature, no desired cyclization 
product was observed and only the starting material was recycled. This is 
possibly due to the presence of electron-withdrawing quinone group, which 
retards the generation of radical cation intermediate. However, when the 
reaction was carried out with addition of more FeCl3 (15 equiv) and prolonged 
time (1h), the cyclized product 5-4 was generated in nearly quantitative yield. 
Such an oxidant quantity-dependant and high-yield cyclization is quite 
interesting and it was ascribed to two reasons: firstly, the quinone deactivates 
both pentacene and the thienyl parts and thus large excess of oxidant is 
required to generate radical cation on the thiophene rings to initialize the 
intramolecular ring cyclization and also longer reaction time is needed to 
complete all new C-C bond formation; secondly, the much lower solubility of 
the product in CH2Cl2 and the presence of quinone group prevent any further 
side reactions such as chlorination on the product. The target compound 5-1 
was then obtained in 70% yield by Knoevenagel condensation reaction
9
 
between compound 5-4 and malononitrile in the presence of strong Lewis acid 
TiCl4 and Lewis base pyridine. Compound 5-4 showed very strong tendency 
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of aggregation in solution which made the detailed NMR characterization 
unsuccessful. However, after replacing the carbonyl groups with malononitrile 
groups, compound 5-1 was found to have good solubility and well-resolved 
NMR spectrum with sharp aromatic peaks, indicating that the planarity of the 
molecule is sacrificed after attachment of malononitrile groups. It was reported 
that anthracene-TCNQ derivative adopted a butterfly conformation.
4a, 10
 The 
heptacene-TCNQ derivative 5-1 was thus envisaged to have similar distortion 
from planarity (vide infra).  
The synthesis of thiophene rings-fused heptacene derivatives 5-5 was also 
attempted by using standard acene chemistry from quinone 5-4. The 
nucleophilic 1,2-addition onto the carbonyl groups in 5-4 with various types of 
organolithium reagents or Grignard reagents, however, was hampered by 
undesired 1,4-addition (Michael addition) and inseparable isomeric products 
were obtained. It was presumed that the extended conjugation of the quinone 
system would be the cause of unselective addition reaction and similar 
phenomenon were observed for other extended quinones as previously 
reported.
11 
Scheme 5.1. Synthetic route to heptacene-TCNQ derivative 5-1. 
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5.2.2 Photophysical and electrochemical properties 
 
The heptacene-TCNQ derivative 5-1 has good solubility in common organic 
solvents and its chloroform solution was stable for weeks upon exposure to 
ambient air and light conditions. The UV-vis absorption and 
photoluminescence spectra of 5-1 recorded in dilute chloroform solution and 
thin films are shown in Figure 5.1. In solution, compound 5-1 mainly absorbs 
at 300 and 450 nm, with a shoulder at 550 nm. In the thin film state, there is 
not much change in the vibronic structure while the lowest energy absorption 
onset is red shifted by ca. 85 nm, indicating strong tendency of aggregation of 
compound 5-1 in the solid state. Compound 5-1 showed a weak 
photoluminescence peak centered at 665 nm, most possibly due to its 
intramolecular charge transfer nature (vide infra).  
 


























 thin film UV
 fluoresence
Figure 5.1. Normalized UV-vis absorption spectra of compound 5-1 in 




The electrochemical properties of heptacene-TCNQ derivative 5-1 were 
investigated by cyclic voltammetry (CV) and differential pulse voltammetry 
(DPV). The measurement was carried out in dry DCM at room temperature 
and the results are shown in Figure 5.2. Compound 5-1 showed one reversible 
reduction wave with half-wave potential E1/2
red
 at -1.22 V (vs Fc
+
/Fc). The 
LUMO energy level of 5-1 was estimated to be -3.67 eV based on the onset 
potential of the first reduction wave. Two irreversible oxidation waves were 
observed with half wave potentials E1/2
ox
 at 0.75 V and 0.90 V, respectively. 
The HOMO energy level was estimated to be -5.46 eV for 5-1 and the 
electrochemical energy gap was therefore determined to be 1.79 eV. 
 














Figure 5.2. CV and DPV voltammograms of compound 5-1 in dry DCM with 
0.1 M Bu4NPF6 as supporting electrolyte. 
 
5.2.3 TD-DFT calculations  
 
Time-dependent density functional theory (TD DFT at B3LYP/6-31G* 
level) calculations were conducted for compound 5-1 to understand its 
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geometric structure, electronic property and optical property (Figure 5.3). Due 
to steric congestion between the zig-zag edges of the heptacene and the four 
-CN groups, two possible conformers, denoted as up-up (a) and up-down (b), 
were evaluated (Figure 5.3). Calculations predicted that the up-up conformer 
(a) has a butterfly conformation and has much lower energy (10.7 kcal/mol) 
than the up-down conformer (b), which has a more planar conformation for the 
heptacene unit.  That means the molecule 5-1 likely adopts a bent structure in 
the ground state. While the HOMO is homogeneously distributed through the 
two side parts of the TCNQ unit, the LUMO is mainly localized at the central 
TCNQ framework. Such a partially separated frontier orbital profile also 
indicates significant intramolecular charge transfer character, which can 
explain the observed weak fluorescence from 5-1. TD TDF calculations also 
predicted three major absorption bands at 315 nm (f = 1.1901, dominated by 
HOMO-1 to LUMO+4 transition), 458 nm (f = 1.0588, dominated by 
HOMO-2 to LUMO+1 transition) and 572 nm (f = 0.4071, HOMO to LUMO). 
The band shape is in good agreement with the experimental data.  
 
 
Figure 5.3. Structure of two conformers of 5-1 optimized by DFT 
(B3LYP/6-31G*) calculations, and the HOMO and LUMO molecular orbital 
profiles of the conformer (a). The dodecyl groups are replaced by methyl 
groups during the calculation. 
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5.2.4 Thin film and field effect transistor characterizations 
 
Field effect transistors (FETs) of 5-1 were fabricated on p+-Si/SiO2 
substrates by solution processing method. The SiO2 dielectric was treated with 
octadecyltrimethoxysilane (OTMS),
12
 and the thin film was spin-coated from 
CHCl3 solution of 5-1 onto the substrates, then vacuum annealed at 200 ºC for 
30 min. Au (or Al) source/drain electrodes (80 nm) were patterned on the 
organic layer through a shadow mask to afford a bottom-gate top-contact 
device. All devices were characterized in N2 atmosphere or in air.  
The typical transfer and output curves measured in N2 are shown in Figure 
5.4. Large contact resistance which ascribes to the large injection barrier 
between work-function of Au and LUMO energy level of 5-1 was observed in 
output characteristics at low source-drain voltage. All devices based on Au 







, threshold voltage of 44 V, and current on/off ratio of 10
4
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achieved for p-type behavior. In order to reduce the energy barrier and 
improve the device performance, Al contact was used to act as the 







) was observed compared to Au based devices, which may be due to 
oxidation of the Al electrode.
13
 When the thin films were exposed to air, the 








 as a result of the relative low 
electron affinity, which makes the radical anion unstable towards O2 and water 
in the ambient conditions.
14













Figure 5.4. Output and transfer characteristics of FET devices of 5-1 measured 
under N2 conditions: output characteristics for an Au-contact device (a) and an 
Al-contact device (b) and transfer characteristics for n-type (c) and p-type (d) 
operation. Inset is the corresponding output curve for p-channel operation. 
 
 
Figure 5.5. AFM images of the thin films of 5-1 on OTMS modified SiO2 
substrates after annealing at 200 
o
C: height image (left) and phase image 
(right). 
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Thin film morphology and solid state microstructure were characterized by 
tapping-mode atomic force microscopy and 2D X-ray diffraction (Figure 5.5 
and 5.6). The thin film exhibited large plate-like crystals when annealed at 200 
ºC, and give a surface roughness of 9.89 nm. The XRD measurements of thin 
film of 5-1 on OTMS treated substrates exhibited the primary peak at 2θ = 4.1º 
which corresponds to a d spacing of 21.6 Å. A lamellar packing structure was 
deduced from the diffraction peaks. The ordered layer-like packing of 5-1 in 
the thin film allows effective charge transport between the source and drain 
electrodes.  
5 10 15 20 25 30
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Figure 5.6. X-ray diffraction pattern of the thin film of 5-1 on OTMS 





In summary, a thiophene-fused heptacene-TCNQ derivative 5-1 is 
synthesized, which represents the largest acene-TCNQ derivative reported so 
far. A saddle-shaped conformation for 5-1 is proposed by TD-DFT calculation 
to better understand its physical properties. By introduction of electron 
withdrawing TCNQ moiety, both the solubility and stability problem of 
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has been achieved for this novel material by simple solution processing 
method. This work inspired us to further investigate the acene-TCNQ 
chemistry in two aspects: 1) n-type OFET behavior with moderate mobility 
value obtained for 5-1, which sugguests that acene-TCNQ based materials 
would be a promising new type of n-channel semiconductor. 2) The bent 
structure of 5-1 is interesting as well and this provokes us to wonder what the 
structure would be like for acenes containing multiple TCNQ units. More 





All reagents and starting materials were obtained from commercial sources 
and used without further purification. Anhydrous toluene and THF were 
distilled over sodium under nitrogen atmosphere before using. 
Dichloromethane was distilled over CaH2 before use. Chlorobenzene was 
dried with KOH before use. Details about all characterization techniques 
including NMR, MS, UV-vis and PL measurement, CV and DPV and XRD are 
described in Chapter 2 section 2.4.1. 
Time-dependent DFT (TD-DFT) calculations have been performed at the 
B3LYP/6-31G* level of theory,
15-19
 as implemented in the Gaussian 09 
program package.
20
 The geometry of 5-1 was fully optimized in gas phase 
using the default convergence criteria without any constraints and confirmed 
by frequency calculations. Two conformers as shown in the main text were 
compared and the up-up conformer shows lower energy (10.7 kcal/mol) than 
that of the up-down conformer. UV-vis-NIR absorption spectra were generated 
for the up-up conformer assuming an average UV-vis width of 4000 cm
-1
 at 




5.4.2 Device fabrication and characterization details 
 
Top-contact, bottom-gate OFET devices were prepared on the p+ silicon 
wafer. And 200 nm thermal SiO2 layer serves as the gate dielectric. The 
SiO2/Si substrate was cleaned with acetone and isopropanol, then immersed in 
a piranha solution for 8 minutes. The substrate was rinsed with deionized 
water and then casted with 5 mM OTMS solution in trichloroethylene and 
placed in an environment saturated with ammonia vapor for 7 hours at room 
temperature. The semiconductor layer was deposited on top of the 
OTMS-modified dielectric surface by spin-coating the solution of 5-1 in 
chloroform (8 mg/mL) at 1000 rpm for 60 seconds. Then the thin films were 
vacuum annealed at 200 °C for 30 min. Subsequently, gold source/drain 
electrodes were deposited by thermal evaporation through a metal shadow 
mask to create a series of FETs with various channel length (L = 100 μm) and 
width (W = 4 mm) dimensions. The FET devices were then characterized 
using a Keithley SCS-4200 semiconductor parameter analyzer in the N2 
glovebox or in air. To minimize leakage currents, small trenches in the thin 
film around the electrodes were created with a needle. The FET mobility was 
extracted using the following equation in the saturation regime from the gate 
sweep:  
   
 
  
         
  
where ID is the drain current, μ is the field-effect mobility, Ci is the capacitance 
per unit area of the gate dielectric layer (SiO2, 200 nm, Ci = 17 nF cm
-2
), and 
VG and VT are gate voltage and threshold voltage, respectively. W and L are 
respectively channel width and length. Tapping-mode Atomic Force 
Microscopy (TM-AFM) was performed on Bruker AXS ICON-PKG AFM. 
X-ray diffraction (XRD) patterns of the thin film were measured on a 
Bruker-AXS D8 DISCOVER with GADDS X-ray diffractometer. Copper Kα 
line was used as a radiation source with λ = 1.5406 Å. 
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5.4.3 Synthetic procedures and characterization data 
 
Compound 5-3: To a dry round bottom flask was added tetrabromo 
pentacenequinone 5-2 (1g, 1.6 mmol), tributyl(5-dodecylthiophen-2-yl) 
stannane (7 g, 13 mmol), Pd(PPh3)4 (370 mg, 0.32 mmol) and toluene (50 mL). 
The mixture was heated at 100 
o
C overnight under nitrogen atmosphere. After 
cooling the solvent was removed in vacuo and chloroform was added to 
dissolve the residue. The chloroform part was then washed with brine. The 
organic phase was dried over Na2SO4, filtered and purified by silica gel 
column chromatography (hexane:chloroform = 3:1 as eluent) to afford the 
target molecule as a yellow powder (1.4 g, 65%). 
1
H NMR (500 MHz, CDCl3): 
ppm = 8.88 (s, 4H), 8.17 (s, 4H), 6.83 (d, J = 3.8 Hz, 4H), 6.70 (d, J = 3.8 Hz, 
4H), 2.81 (t, J = 7.6 Hz, 8H), 1.68 (m, 8H), 1.30-1.27 (m, 72H), 0.89 (t, J = 
4.5Hz, 12H).
13
C NMR (125 MHz, CDCl3): ppm = 182.65, 147.98, 138.78, 
136.15, 134.26, 131.40, 131.02, 129.43, 127.78, 124.33, 31.94, 31.72, 30.18, 
29.72, 29.69, 29.63, 29.42, 29.39, 29.11, 22.71, 14.13. HR-MALDI-TOF-MS: 
1309.7931, calculated exact mass: 1309.7892, error 1.36 ppm. 
 
Compound 5-4: To a dry round bottom flask was added compound 5-3 
(200 mg, 0.15 mmol) and CH2Cl2 (20 mL). The solution was purged with 
argon for 10 min. FeCl3 (375 mg, 2.3 mmol) dissolved in CH3NO2 (3 mL) was 
injected dropwise into the reaction mixture. The mixture was stirred at room 
temperature with argon bubbling for 1h. CH2Cl2 (10 mL) was added during the 
reaction to keep the volume constant. MeOH (5 mL) was then added to quench 
the reaction. The mixture was stirred for another 10 min before another portion 
of MeOH (100 mL) was added. The precipitated dark red powder (200 mg, 
quantitative) was collected by filtration and washed thoroughly with H2O (100 




C NMR spectra of this 
compound were not obtained due to the strong aggregation and poor solubility. 
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HR-MALDI-TOF-MS: 1305.7618, calculated exact mass: 1305.7579, error 
0.49 ppm.  
 
Compound 5-5: To a dry round bottom flask was added compound 5-4 
(200 mg, 0.15 mmol), malononitrile (100 mg, 1.5 mmol) and dried 
chlorobenzene (10 mL). Pyridine (0.3 mL) and TiCl4 (0.3 mL) were then 
injected via syringe into the reaction mixture. The mixture was then heated at 
120 
o
C overnight under nitrogen atmosphere. After cooling, the solvent was 
removed in vacuo and the residue was dissolved in chloroform (100 mL). 
Silica gel (100 g) was added into the chloroform solution and stirred for 10 
min. The solution was then filtered and the silica gel was washed with another 
portion of chloroform (100 mL). The combined solvent was washed by brine 
and dried over Na2SO4, filtered and concentrated by rotary evaporation. The 
collected crude product was dissolved in 5 mL of CHCl3 and precipitated from 
MeOH (50 mL). The precipitate was collected by filtration to afford the target 
molecule as a dark red powder (150 mg, 70%). 
1
H NMR (500 MHz, CDCl3): 
ppm = 8.87 (s, 4H), 8.63 (s, 4H), 7.28 (s, 4H), 3.03 (t, J = 7.6 Hz, 8H), 1.85 (m, 
8H), 1.47-1.26 (m, 72H), 0.87 (t, J = 6.3 Hz, 12H). 
13
C NMR (125 MHz, 
CDCl3): ppm = 159.57, 159.05, 152.41, 150.38, 131.23, 131.15, 128.33, 
127.00, 126.20, 125.89, 121.98, 113.57, 42.12, 34.78, 31.75, 31.14, 29.22, 
29.14, 27.67, 27.05, 22.62, 14.08. HR-MALDI-TOF-MS: 1401.7843, 




1. (a) Anthony, J. E. Angew. Chem. Int. Ed. 2008, 47, 452. (b) Anthony, J. E. 
Chem. Rev. 2006, 106, 5028. (c) Bendikov, M.; Wudl, F.; Perepichka, D. F. 
Chem. Rev. 2004, 104, 4891.  
 93 
 
2. (a) Katsuta, S.; Tanaka, K.; Maruya, Y.; Mori, S.; Masuo, S.; Okujima, T.; 
Uno, H.; Nakayama, K.; Yamada, H. Chem. Commun. 2011, 47, 10112. (b) 
Katsuta, S.; Miyagi, D.; Yamada, H.; Okujima, T.; Mori, S.; Nakayama, K. 
Uno, H. Org. Lett. 2011, 13, 1454. (c) Purushothaman, B.; Bruzek, M.; 
Parkin, S. R.; Miller, A. F.; Anthony, J. E. Angew. Chem. Int. Ed. 2011, 50, 
7013. (d) Qu, H.; Cui, W.; Li, J.; Shao, J.; Chi, C. Org. Lett. 2011, 13, 924. 
3. (a) Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D. Chem. Rev. 2012, 112, 
2208. (b) Sakamoto, Y.; Suzuki, T.; Kobayashi, M.; Gao, Y.; Fukai, Y.; 
Inoue, Y.; Sato, F.; Tokito, S. J. Am. Chem. Soc. 2004, 126, 8138. (c) Tang, 
M. L.; Bao, Z. Chem. Mater. 2011, 23, 446. 
4. (a) Gómez, R.; Seoane, C.; Segura, J. L. Chem. Soc. Rev. 2007, 36, 1305. (b) 
Martin, N.; Segura, L.; Seoane, C. J. Mater. Chem. 1997, 7, 1661.  
5. (a) Brown, A. R.; Deleeuw, D. M.; Lous, E. J.; Havinga, E. E. Synth. Met. 
1994, 66, 257. (b) Chesterfield, R. J.; Newman, C. R.; Pappenfus, T. M.; 
Ewbank, P. C.; Haukaas, M. H.; Mann, K. R.; Miller, L. L. Frisbie, C. D. 
Adv. Mater. 2003, 15, 1278. (c) Handa, S.; Miyazaki, E.; Takimiya, K.; 
Kunugi, Y. J. Am. Chem. Soc. 2007, 129, 11684.  
6. (a) Martin, N.; Hanack, M. J. Chem. Soc., Chem. Commun. 1988, 1522. (b) 
Martin, N.; Behnisch, R.; Hanack, M. J. Org. Chem. 1989, 54, 2563. (c) 
Kenny, P. W.; Jozefiak, T. H.; Miller, L. L. J. Org. Chem. 1988, 53, 5007. 
(d) Chen, Y. –L.; Wong, W. –Y.; Lee, A. W. M. Tetrahedron Lett. 2008, 49, 
1257. 
7. Swartz, C. R.; Parkin, S. R.; Bullock, J. E.; Anthony, J. E.; Mayer, A. C.; 
Malliaras, G. G. Org. Lett. 2005, 7, 3163. 
8. (a) Wu, J.; Müllen, K. Chem. Rev. 2007, 107, 718. (b) Liu, W. J.; Zhou, Y.; 
Ma, Y.; Cao, Y.; Wang, J.; Pei, J. Org. Lett. 2007, 9, 4187. (c) Zhou, Y.; 
Liu, W. Y.; Ma, Y.; Wang, H.; Qi, L.; Cao, Y.; Wang, J.; Pei, J. J. Am. 
Chem. Soc. 2007, 129, 12386. (d) Brusso, J. L.; Hirst, O. D.; Dadvand, A.; 
Ganesan, S.; Cicoira, F.; Robertson, C. M.; Oakley, R. T.; Rosei, F.; 
 94 
 
Perepichka, D. F. Chem. Mater. 2008, 20, 2484. (e) Luo, J.; Zhao, B.; Shao, 
J.; Lim, K. A.; Chan, H. S. O.; Chi, C. J. Mater. Chem. 2009, 19, 8327. (f) 
Luo, J.; Zhao, B.; Chan, H. S. O.; Chi, C. J. Mater. Chem. 2010, 20, 1932. 
(g) Ye, Q.; Chang, J.; Huang, K. W.; Chi, C. Org. Lett. 2011, 13, 5960. 
9. (a) Ong, B. S.; Keoshkerian, B. J. Org. Chem. 1984, 49, 5003. (b) Usta, H.; 
Risko, C.; Wang ,Z.; Huang, H.; Deliomeroglu, M. K.; Zhukhovitskiy, A.; 
Facchetti, A.; Marks, T. J. J. Am. Chem. Soc. 2009, 131, 5586. 
10. Schubert, U.; Hünig, S.; Aumüller, A. Liebigs Ann. Chem. 1985, 216. 
11. (a) Zhang, X.; Li, J.; Qu, H.; Chi, C.; Wu, J. Org. Lett. 2010, 12, 3946. (b) 
Li, J.; Jiao, C.; Huang, K. W.; Wu, J. Chem. Eur. J.  2011, 17, 14672. 
12. Ito, Y.; Virkar,A.; Mannsfeld, S.; Oh, J. H.; Toney, M.; Locklin, J.; Bao, Z. 
J. Am. Chem. Soc. 2009, 131, 9396. 
13. Horowitz, G.; Kouki, F.; Spearman, P.; Fichou, D.; Nogues, C.; Pan, X.; 
Garnier, F. Adv. Mater. 1996, 8, 242. 
14. (a) de Leeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand, R. E. F. 
Synth. Met. 1997, 87, 53. (b) Jones, B. A.; Facchetti, A.; Wasielewski, M. 
R.; Marks, T. J. J. Am. Chem. Soc. 2007, 129, 15259. 
15. Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 
16. Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter 1988, 37, 
785. 
17. Ditchfie, R. W.; Hehre, J.; Pople, J. A. J. Chem. Phys. 1971, 54, 724. 
18. Hehre, W. J.; Ditchfie R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257. 
19. Harihara, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
20. Gaussian 09; Revision A.2; Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; 
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; 
Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; 
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; 
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; 
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J., 
 95 
 
J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; 
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, 
K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, 
N.; Millam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, 
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; 
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; 
Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, 
D. J.; Gaussian, Inc., Wallingford CT, 2009. 
21. Gorelsky, S. I., SWizard program, http://www.sg-chem.net/, University of 






















TCNQ-embedded heptacene and nonacene: synthesis, 




Acenes, which are a series of laterally fused benzene rings, have been 
intensively investigated as organic semiconductors in the past decade.
1
 Their 
applications, however, are limited by the intrinsic instability and poor 
solubility associated with the highly conjugated and planar structure. The 
stability issue, which arises from the electron-rich nature of acenes, can be 
addressed by means such as introduction of electron-withdrawing groups (e.g., 
cyanides, fluorine atoms, imide groups)
2
, while the solubility problem can be 
solved by attachment of various substituents (e.g., phenyl groups, thiophenyl 
groups, trialkylsilyl-ethynyl groups) on the periphery of the acene framework.
3
 
Nevertheless, these two problems are hard to address simultaneously and until 
now only a few examples of stabilized and soluble longer acenes have been 
synthesized and well characterized.
 3b,4
 
7,7,8,8-Tetracyanoquinodimethane (TCNQ) is a well known electron 
acceptor and has been widely investigated for the preparation of organic 
conductors and charge transfer salts.
5
 The p-extended TCNQ-acene based 














 derivatives, have been 
validated to be an important class of electron acceptors. The p-extended 
quinoidal derivatives of TCNQ have also been explored as n-type organic 
semiconductors.
7






 has been 
obtained for these extended quinoidal TCNQ-based materials, hence 
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qualifying them as a promising n-channel materials.
7d
 In order to find new 
ways to resolve both the solubility and stability problems simultaneously for 
longer acenes, it has been previously tried to incorporate TCNQ into the acene 
backbone to synthesize a thiophene-fused heptacene-TCNQ derivative with a 
bent structure.
6
 Furthermore, this strategy could invert the charge transport 
properties of acenes and convert the acenes from the normally expected hole 














 all showed lower electron mobility values except for one 
dicyano pentacene bis(dicarboximide).
2g
 In the search for new type of high 
performance n-channel semiconductors based on acene-TCNQ hybrid 
materials, one rational approach is to insert more than one TCNQ unit into the 
acene backbone, thus creating more electron deficient systems suitable for 
n-channel semiconductors. So far, there is only one example in the literature 
demonstrating the incorporation of more than one TCNQ moiety into 
anthracene.
5a
 The presence of multiple TCNQ moieties in longer acene 
backbone would be of great interest in order to fully understand the influence 
of TCNQ on the structural and physical properties of acenes. Driven by this 
motivation, three new acene-TCNQ derivatives (6-2, 6-4 and 6-9 in Scheme 
6.1) with two TCNQ moieties on the heptacene and nonacene backbone have 
been successfully prepared for the first time. The crystal structures of 6-2 and 
6-4 have been successfully determined to reveal the solid-state structure of 
these molecules. Their optical properties, electrochemical properties, and 
charge transport properties have been characterized in detail. 
 
6.2 Results and discussion 
6.2.1 Synthesis 
 
The synthesis of acene-TCNQ derivatives 6-2, 6-4 and 6-9 is outlined in 
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prepared first and then were subject to Knoevenagel-type condensation 
reaction to introduce the TCNQ moiety in the presence of strong Lewis acid 
TiCl4 and Lewis base pyridine. The target heptacene-TCNQ derivatives 6-2 
and 6-4 were obtained with 31% and 24% yield, respectively. The reaction 
temperature (120 
o
C) and time (4 h) of the final step had to be carefully 
controlled in order to minimize any unwanted nucleophilic attack onto the 
TCNQ moieties by the excess malononitrile anions. The nonacene-TCNQ 
compound 6-9 was obtained by a four-step synthesis from compound 6-5.
3b
 
Suzuki coupling reaction was used to introduce two bulky 
3,5-di-tert-butylphenyl substituents onto 6-5 in 69% yield. The bulky 
3,5-di-tert-butylphenyl group was chosen here to render sufficient solubility 
for the final nonacene-TCNQ product. Attempts to synthesize 
nonacene-TCNQ derivative with the attachment of 4-trifluoromethylphenyl 
and 4-tert-butylthiophenyl groups were not successful mainly due to the poor 
solubility of either the synthetic intermediate or the final product. 
Subsequently, radical bromination on 6-6 was carried out in 
1,2-dichloroethane to afford 6-7 in 80% yield. The diene precursor 6-7 then 
underwent Diels-Alder reaction with 1,4-anthracene-dione followed by 
simultaneous oxidation in air to give the nonacene-tetraone 6-8 in 36% yield. 
Four malononitrile groups were then introduced onto 6-8 to afford 6-9 in 10% 
yield. All three acene-TCNQ derivatives have been well characterized by 
NMR and high resolution mass spectrometry. Increasing the number of TCNQ 
moieties on the acenes has dramatic influence on the solubility of the 
molecules. Compound 6-2 is very soluble in chloroform (> 5 mg/ml) while 
compounds 6-4 and 6-9 have much lower solubility (~ 1 mg/ml for 6-4 and ~ 
0.5 mg/ml for 6-9) in chloroform. This solubility difference can be explained 




Scheme 6.1. Synthesis of 6-2, 6-4 and 6-9. 
 
For compound 6-2, a broadening effect of the aromatic proton peaks on the 
substituted trifluoromethyl-phenyl groups (d and e) was observed at room 
temperature (Figure 6.1). The peaks for the protons on the heptacene backbone 
(a, b and c) remained sharp. This could be explained by the rotational 
restriction of the trifluoromethyl-phenyl groups due to the presence of TCNQ 
moiety in the middle ring. To verify this, we carried out the varied temperature 
(VT) NMR analysis for this sample and the coalescence temperature was 
reached at 320K. The energy barrier for this restricted rotation was estimated 
to be 15.50 kcal/mol following the Eyring equation.
8
 In contrast, for both 
compounds 6-4 and 6-9, sharp aromatic proton peaks were observed at room 
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temperature, indicating that their central substitution (4-tert-butylthiophenyl 
and 3,5-di-tert-butylphenyl groups) would be locked by the presence of two 
TCNQ groups. The rotation of the central substitution therefore has a large 
energy barrier and hence is not observed from NMR study at room 
temperature. Attempts to carry out the NMR measurement for compounds 6-4 
and 6-9 at high temperature up to 80 
o
C did not induce any broadening effect 




Figure 6.1. VT NMR spectra of compound 6-2 in CDCl3 (500MHz). The 
labelling of the protons is shown in Scheme 6.1. 
 
6.2.2 Photophysical properties 
 
The UV-vis absorption and photoluminescence (PL) spectra of 6-2, 6-4 and 
6-9 were recorded in dilute chloroform solution (Figure 6.2 and Table 6.1). All 
three compounds showed similar absorption pattern with an intense absorption 
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at 350-400 nm and a weak absorption in the range of 450-550 nm. The 
low-energy absorption band is mainly contributed by HOMO-LUMO 
transition from TD-DFT calculations. After fusing one more TCNQ moiety 
from 6-2 to 6-4, this absorption band of the two compounds showed negligible 
change while extending the p-conjugation from 6-4 to 6-9 by fusing two 
benzene rings caused a bathochromic shift of the low-energy absorption peak 
for ca. 20 nm. This absorption behavior is quite similar to that of our 
previously reported thiophene-fused heptacene-TCNQ derivative
6
 and in vivid 





the fully conjugated heptacene and nonacene, the weak S0-S1 transition goes to 
near infrared region (~870 nm for heptacene and ~1010 nm for nonacene) with 
a very small optical band gap (~1.35 eV for heptacene and ~1.2 eV for 
nonacene). While for this series of molecules, the optical band gap is much 
larger (> 2 eV), indicating that the typical diene-type conjugation of acenes is 
disrupted at the TCNQ location. In this regard, compound 6-2 can be viewed 
as two anthracene units fused to one TCNQ group and similar patterns can be 
assigned to compounds 6-4 and 6-9 as well. Therefore, the stability 
enhancement after introducing TCNQ into acenes could be regarded as a result 
of the disruption of the conjugation by TCNQ groups. The fluorescence of 
these molecules was quite weak, likely due to the intramolecular charge 
transfer nature. Interestingly, the Stokes shift for compounds 6-4 (2390 cm
-1
, 
 = 72 nm) and 6-9 (212 cm-1,  = 6 nm) is much smaller than that of 
compound 6-2 (4988 cm
-1
,  = 174 nm), which reflects a more rigid 
backbone for 6-4 and 6-9 compared to 6-2. The lesser rigidity of compound 
6-2 can be ascribed to two reasons: firstly, compound 6-2 has four 
trifluoromethylphenyl groups attached on the zig-zag edge while compounds 
6-4 and 6-9 have only two substitution groups. The higher number of flexible 
and rotating moieties reduces the overall rigidity of the molecule; secondly, as 
it has been discussed in the previous section, the dynamic NMR of compound 
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6-2 showed signs of restricted rotation for the four trifluoromethylphenyl 
groups at room temperature while compounds 6-4 or 6-9 most likely had too 
high energy barriers for the rotation of the central substituting groups to occur 
at room temperature and thus a more rigid structure for compounds 6-4 and 
6-9 was proposed.  











































































































































Figure 6.2. UV-vis absorption spectra and fluorescence spectra of compounds 
(a) 6-2, (b) 6-4 and (c) 6-9. 
 
6.2.3 Electrochemical properties 
 
The HOMO and LUMO energy levels are important parameters for acene 
based organic semiconductors because the HOMO partially reflects the 
oxidative stability of the materials and the LUMO is essential for lowering the 
electron injection barrier from commonly used gold electrode as well as 
maintaining the stability of the radical anions generated in the OFET device 
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towards oxygen and moisture under ambient conditions.
9
 To understand the 
tuning effect of TCNQ moieties on the frontier orbital energy levels, especially 
the LUMO energy levels, we carried out cyclic voltammetry (CV) and 
differential pulse voltammetry (DPV) for compounds 6-2, 6-4 and 6-9 in dilute 
DCM solutions and the results were shown in Figure 6.3 and Table 6.1. 
Heptacene-TCNQ derivative 6-2 showed two reversible and one 
quasi-reversible reduction waves with half-wave potential E1/2
(n)
 at -1.26 V, 
-1.82 V and -2.26 V (vs Fc/Fc
+
), respectively. Simultaneous 2e reduction for 
the first reduction wave was envisaged for 6-2 by comparing the relative peak 
intensity with that of the second 1e reduction wave. Similar behavior was also 
observed on anthracene-TCNQ system.
10
 For both compounds 6-4 and 6-9, 
two reversible reduction waves were observed with E1/2
(n)
 at -1.03 V and -1.20 
V for 6-4, -1.27 V and -1.43 V for 6-9, respectively. No oxidation waves were 
observed upon anodic scan up to 1.8 V, indicating the electron-deficient 
character of these molecules induced by the incorporation of TCNQ moieties. 





 is the onset potential (vs Fc/Fc
+
) of the first 
reduction wave.
11a
 They were calculated to be -3.64, -3.84 and -3.60 eV for 
6-2, 6-4 and 6-9, respectively. The HOMO energy levels for these three 
molecules were estimated to be -5.75, -6.03 and -5.79 eV based on the LUMO 
energy levels and the optical band gap following the equation HOMO = 
LUMO - Eg.
11b-c
 By comparing compound 6-2 with the fully conjugated 
heptacene
4d
 (HOMO at -4.93 eV and LUMO at -3.61 eV), the LUMO energy 
level did not vary much while the HOMO energy level decreased for ca. 0.8 
eV. The low lying HOMO for compound 6-2 therefore explained the much 
enhanced stability of 6-2 towards oxygen compared with the fully conjugated 
heptacene. By comparing compounds 6-2 and 6-4, the LUMO of compound 
6-4 was only 0.2 eV lower than that of compound 6-2. Given the fact that 
compound 6-4 contains four more cyano groups compared with compound 6-2 
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and direct attachment of one cyano group onto a p-system would lower the 
LUMO by ca. 0.3 eV,
12
 the efficiency to decrease the LUMO by TCNQ is not 
as high as expected. Such a discrepancy would originate from the non-planar 
structure and discontinuous frontier orbital of the quinonoidal TCNQ part, 
which make the electron withdrawing ability of the cyano groups weaker than 
expected. The electron donating nature of the thiol ether linkage would be 
another cause for the discrepancy. By fusing two more benzene rings from 6-4 
to 6-9, an increase of about 0.2 eV for both the HOMO and LUMO were 
observed, possibly because the fused two benzene rings on 6-9 increase the 
electron richness of the whole system. 











































Figure 6.3. CV and DPV voltammograms for compounds (a) 6-2, (b) 6-4 and 
(c) 6-9 in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte. 
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Table 6.1. Summary of the optical and electrochemical data for compounds 6-2, 























6-2 -1.26, -1.82, -2.26 -5.75 -3.64 2.11 510 684 4988 
6-4 -1.03, -1.20 -6.03 -3.84 2.19 514 586 2390 
6-9 -1.27, -1.43 -5.79 -3.60 2.19 529 535 212 
a
HOMO is calculation following the equation: HOMO=LUMO - Eg. 
b
LUMO is estimated from the onset of the 
first reduction wave. 
c
Eg is estimated from the absorption onset in solution 
 
6.2.4 Single crystal analysis 
 
One motivation of our current study is to validate the proposed 
bent-structure for longer acene-TCNQ derivatives with experimental evidence. 
It is also of great interest and importance to know how the planar structure of 
acenes is modified by the presence of more than one TCNQ moiety. 
Furthermore, the molecular shape and the solid state packing of a series of 
acene-TCNQ molecules have been found closely related to the electron 
accepting properties of them.
5h
 To address these questions, we have 
successfully obtained the single crystal information for compounds 6-2 and 
6-4. For both compounds, single crystals suitable for X-ray crystallographic 
analysis were obtained by solvent diffusion in chloroform/hexane solvent pair. 
The molecular structure and the packing motif for 6-2 and 6-4 are shown in 
Figure 6.4. Compound 6-2 exhibited a butterfly-like structure with a bent 
angle of 139
o





 derivatives. Such a severe distortion from planarity is 
due to the strong steric congestion between the cyano groups and the hydrogen 
atoms at the peri-positions. This result also confirmed the previous assertion 
on thiophene-fused heptacene-TCNQ molecule by DFT calculation.
6
 In the 
solid state, compound 6-2 adopted a herringbone-type packing motif, which 





 as well as the reported packing motif for pentacene-TCNQ.
5h
 Under this 
packing motif, only interaction between the TCNQ moiety and the 
4-trifluoromethylphenyl substituent of a neighboring molecule was observed.  
Direct p-p interaction of the central core is minimal, mainly due to four 
substituted groups. Such a packing is hence unfavorable for efficient 
intermolecular charge transport.
5h
 In the crystal of compound 6-4, the 
molecule was found to have a zig-zag conformation with two TCNQ moieties 
pointing towards different directions, ie., trans to each other. In the crystal 
phase, compound 6-4 adopted a “slipped” face-to-face p-stacking structure 
with a large distance of 5.58 Å between the central anthracene plane. The 
intermolecular p-orbital overlap is insufficient mainly due to the congestion 
caused by the substituted 4-tert-butylthiophenyl groups. The TCNQ moieties 
of neighboring molecules contacted closely with each other with a p-p 
distance of ca. 3.75 Å. Therefore, electron transport would be possible via the 
close contact of the TCNQ moieties.  
 
Figure 6.4. Single Crystal structure of (a) compound 6-2; (b) compound 6-4; 
(c) herringbone packing of compound 6-2; (d) “slipped” face-to-face packing 




Figure 6.5. Optimized structure and the frontier orbital for the trans-isomer for 
compound 6-4 and compound 6-9. 
 
6.2.5 DFT calculations 
 
It was already noted that for thiophene fused heptacene with only one 
TCNQ moiety, the LUMO is mainly localized on the TCNQ part while the 
HOMO is evenly distributed over the rest part of the molecule.
6
 Knowing how 
HOMO and LUMO were localized on compounds 6-4 and 6-9 which had two 
TCNQ moieties on the backbone was important to better understand their 
electronic properties. Therefore density functional theory (DFT) calculations 
at B3LYP/6-31G* level were carried out on molecules 6-4 and 6-9. The 
geometrical structure of the trans-isomers for compound 6-4 and 6-9 was also 
optimized. For both the trans-conformers of 6-4 and 6-9, the HOMO is mainly 
localized on the central anthracene part while the LUMO mainly localized on 
the TCNQ part (Figure 6.5). Such a separated distribution for HOMO and 
LUMO would account for the charge-separated nature and weak fluorescence 
of this series of molecules. For compound 6-4, the localized LUMO on the 
TCNQ moieties would also be helpful for electron transport through the 
LUMO-LUMO interaction between neighboring molecules in the solid state as 




6.2.6 Organic field effect transistor characterization and thin film 
characterization 
 
To probe the charge transport properties of this series of acene-TCNQ 
derivatives, the field effect transistors (FET) have been fabricated by a 
solution processing method. Compounds 6-2 and 6-9 did not show any FET 
activity in solution processed devices. Nevertheless, 6-4 exhibited n-channel 
FET behavior as we expected from the close contact between neighboring 
TCNQ moieties. The typical transfer and output curves are shown in Figure 
6.6. The devices operated in the n-channel region and revealed an average 








 in the saturation region in 
nitrogen. The current on/off ratio is about 10
4
 – 105, and threshold voltage is 
around 10 V. This mobility value is about 100 times smaller compared with 
that of the previously reported thiophene-fused heptacene-TCNQ derivative.
6
 
In order to understand this difference, the thin film morphology and solid state 
microstructure of the thin films of compound 6-4 were then studied by 
tapping-mode atomic force microscopy and X-ray diffraction (Figure 6.7 and 
6.8). As revealed by the AFM image, compound 6-4 formed an 
inhomogeneous thin film structure and presence of large holes with diameters 
of 300-400nm were observed on the thin films. The specular out-of-plane 
X-ray diffraction pattern of compound 6-4 was essentially featureless, 
indicating an amorphous nature of the thin film. By contrast, the reported 
thiophene-fused heptacene-TCNQ derivative showed more homogeneous thin 
films and stronger X-ray diffraction intensity with the second order Bragg 
diffraction peak observable in the XRD diffraction diagram, indicating a more 
ordered packing in the thin film state. Based on these findings, we can 
conclude that the poor thin film quality of compound 6-4 and its amorphous 
nature in the solid state would account for the reduced electron transport 
mobility compared with the previously reported thiophene-fused 
 109 
 
heptacene-TCNQ sample. This result also highlights the importance of the thin 
film morphology and long range ordered packing for the performance of 
organic semiconductors in the OFET device. 
 
 
Figure 6.6. (a) Transfer (VD = 80V) and (b) output characteristics of FET 
devices fabricated by solution coating of 6-4 on OTS-treated substrates. 
 
 
Figure 6.7. AFM images of the thin films of 6-4 on OTS modified SiO2 
substrates: height image (left) and phase image (right). 






































































Figure 6.8. X-ray diffraction pattern of the thin film of 6-4 spin coated from 
CHCl3 solution on OTS modified SiO2 substrates. (The peak at 2
o
 is the 




In summary, we have successfully incorporated the TCNQ moieties into the 
heptacene and nonacene backbones to address the stability and solubility 
problems associated with acenes. Three novel soluble and stable acene-TCNQ 
derivatives have been prepared and their structures were identified by various 
spectroscopic techniques and crystallographic analysis. This series of 
molecules demonstrate well the incorporation of two TCNQ moieties into 
heptacene and nonacene for the first time. They also represent the longest 
acene-TCNQ derivatives reported so far. The effect induced by the presence of 
TCNQ on the structural, optical and electrochemical properties of acenes has 
been comprehensively discussed. They have LUMO energy level at -3.60 ~ 
-3.85 eV. Compound 6-2 with one TCNQ unit exhibits a butterfly-like 
structure, and is packed in a herringbone fashion. Compounds 6-4 and 6-9 
with two TCNQ moieties have a zig-zag conformation, and adopt a “slipped” 
face-to-face π-stacking. The packing of the acene-TCNQ derivatives has been 
found closely associated with their charge transport properties, which has been 
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studied in organic field effect transistors with desired n-channel behavior 
observed for compound 6-4. Poor thin film quality and unfavorable packing of 
the materials would be the major reason for their low performance in the 
OFET device. Even though the preliminary charge carrier mobility is moderate 
for this new type of n-channel semiconductors, further improvement on the 
device performance is envisaged due to various possibilities to tune the 
substitutions on the acene-TCNQ backbones. Functionalization with alkyl or 
alkoxyl aliphatic chains would render more appropriate materials which are 





All reagents and starting materials were obtained from commercial sources 
and used without further purification. Dichloromethane was distilled over 
CaH2 before use. Chlorobenzene was dried with KOH before use. Details 
about the characterization techniques including NMR, MS, UV-vis, PL, CV, 
DPV and XRD are described in Chapter 2 experimental section 2.4.1. 
 
6.4.2 Synthetic procedures and characterizations 
 
Synthesis and characterizations of compounds 2, 4 and 6-9 
2,2’-(5,9,14,18-Tetrakis(4-(trifluoromethyl)phenyl)heptacene-7,16-diyliden
e)dimalononitrile (6-2): To a dry round bottom flask was added heptacene 
quinone compound 6-1 (200 mg, 0.203 mmol), malononitrile (70 mg, 5 equiv., 
1.02 mmol), pyridine (0.4 mL) and chlorobenzene (10 mL). TiCl4 (0.15 mL) 
was then injected into the mixture via a syringe. The mixture was heating at 
120 
o
C for 4h. After cooling to room temperature, the solvent was removed in 
vacuo and minimum amount of chloroform was added to dissolve the residue. 
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The chloroform solution was then purified by silica gel column 
chromatography (hexane:CHCl3 = 1:2 as eluent) to afford the target molecule 
as a red powder (68 mg, 31%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 8.45 (s, 
4H), 8.01 (m, br, 4H), 7.86-7.81 (m, 8H), 7.72-7.70 (m, 4H), 7.54-7.52 (m, 
8H). 
13
C NMR (125 MHz, CDCl3): δ ppm = 161.28, 140.13, 139.19, 133.12, 
132.15, 131.41, 131.31, 131.14, 130.88, 128.66, 128.17, 128.01, 127.36, 
126.51, 126.38, 125.58, 125.19, 123.03, 113.43, 82.46. HR-MALDI-TOF-MS: 
m/z = 1080.2163, calculated exact mass: 1080.2117, error: 3.68 ppm. 
 
2,2',2'',2'''-(7,16-Bis(4-tert-butylphenylthio)heptacene-5,9,14,18-tetraylide
ne)tetramalononitrile (6-4): To a dry round bottom flask was added 
heptacene tetraone compound 6-3 (200 mg, 0.26 mmol), malononitrile (10 
equiv, 2.6 mmol, 180 mg), pyridine (0.4 mL) and chlorobenzene (10 mL). 
TiCl4 (0.15 mL) was then injected into the mixture via a syringe. The mixture 
was heated at 120 
o
C for 4h. After cooling to room temperature, the solvent 
was removed in vacuo and minimum amount of chloroform was added to 
dissolve the residue. The chloroform solution was then directly subject to 
silica gel column chromatography (chloroform as eluent) and target compound 
was collected as a red powder. (60 mg, 24%)  
1
H NMR (500 MHz, CDCl3): δ 
ppm = 9.96 (s, 4H), 8.24-8.23 (m, 4H), 7.77-7.75 (m, 4H), 7.22-7.20 (d, J = 
8.2 Hz, 4H), 6.99-6.98 (d, J = 8.8Hz, 4H), 1.20 (s, 18H). 
13
C NMR (125 MHz, 
CDCl3): δ ppm = 136.31, 133.00, 130.48, 130.13, 128.58, 127.74, 127.11, 
126.83, 112.90, 112.80, 83.90, 34.47, 31.11. HR-APCI-MS: m/z = 958.2683, 
calculated exact mass: 958.2661, error: 2.3 ppm. 
 
1,2,4,5-Tetramethyl-3,6-bis(3,5-di-tert butyl phenyl)benzene (6-6): To a dry 
round bottom flask was added dibromo compound 6-5 (1 g, 3.42 mmol), 
3,5-di-tert-butylphenyl boronic acid (3 equiv., 10.27 mmol, 2.4 g), Pd(PPh3)4 
(0.1 equiv., 0.342 mmol, 300 mg), K2CO3 (4 equiv., 14 mmol, 2 g), water (5 
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mL) and toluene (25 mL). The solution was purged with argon for 15 min and 
then heated to 100 
o
C for 2 days. After cooling to room temperature, the 
solvent was removed in vacuo and the residue was extracted over CHCl3/H2O. 
The chloroform portion was then dried over anhydrous Na2SO4 and the solvent 
was removed by rotary evaporation. The target compound was recrystallized 
from chloroform/hexane solvent pair and directly used for the next step 
without any further purification (1.2 g, 69%). 
1
H NMR (500 MHz, CDCl3): δ 
ppm = 7.36 (s, 2H), 7.05 (d, J = 1.9 Hz, 4H), 1.98 (s, 12H), 1.34 (s, 36H). 
13
C 
NMR (125 MHz, CDCl3): δ ppm = 150.40, 142.17, 141.51, 132.02, 123.95, 
119.52, 34.92, 31.59, 18.22. HR-EI-MS: m/z = 510.4220, calculated exact 
mass: 510.4226, error: -1.18 ppm. 
 
1,2,4,5-Tetra(bromomethyl)-3,6-bis(3,5-di-tert butyl phenyl)benzene (6-7): 
To a dry round bottom flask was added compound 6-6 (1 g, 1.96 mmol), NBS 
(5 equiv., 9.8  mmol, 1.75 g), benzoyl peroxide (0.2 equiv., 0.4 mmol, 95 mg) 
and 1,2-dichloroethane (20 mL). The solution was heated to 120 
o
C overnight. 
After cooling to room temperature, the solvent was removed in vacuo and the 
residue was dissolved in minimum amount of chloroform (~5 mL) and then 
methanol (100 mL) was added. The target compound was precipitated from 
the CHCl3/MeOH solution and collected by suction filtration. The collected 
white powder was used for the next step without any further purification. (1.3 
g, 80%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 7.50 (s, 2H), 7.26 (overlapping 
with CHCl3), 4.41 (s, 8H), 1.39 (s, 36H). 
13
C NMR (125 MHz, CDCl3): δ ppm 
= 150.82, 145.66, 136.49, 135.68, 123.43, 121.85, 34.98, 31.48, 28.86. 
HR-EI-MS: m/z = 826.0604, calculated exact mass: 826.0605, error: -0.08 
ppm. 
 
8,19-Bis(3,5-di-tert butyl phenyl)-6,10,17,21-nonacene tetraone (6-8): To a 
dry round bottom flask was added tetrabromo compound 6-7 (1 g, 1.21 mmol), 
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1,4-anthracene-quinone (4 equiv., 4.85 mmol, 1 g), KI (10 equiv., 12.1 mmol, 
2 g) and DMF (30 mL). The solution was heated to 110 
o
C for 1 day. After 
cooling to room temperature, the insoluble target compound was collected by 
suction filtration and washed thoroughly by water, EtOH and hexane. The 
collected powder was directly used for the next step without any further 
purification (400 mg, 36%). MALDI-TOF-MS: m/z = 915.98 ([M+H]), 
calculated exact mass: 915.44.  
 
2,2',2'',2'''-(8,19-Bis(3,5-di-tert-butylphenyl)nonacene-6,10,17,21-tetraylid
ene) tetramalononitrile (6-9): To a dry round bottom flask was added 
nonacene tetraone compound 6-8 (200 mg, 0.219 mmol), malononitrile (10 
equiv., 2.19 mmol, 150 mg), pyridine (0.4 mL) and chlorobenzene (10 mL). 
TiCl4 (0.15 mL) was then injected into the mixture via a syringe. The solution 
was heated to 120 
o
C for 4h. After cooling to room temperature, the solvent 
was removed in vacuo and the residue was dissolved in minimum amount of 
chloroform. The chloroform solution was subject to silica gel chromatography 
(CHCl3 as eluent) and the target compound was collected as a red powder (25 
mg, 10%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 8.65 (s, 4H), 8.52 (s, 4H), 
8.00 (m, 4H), 7.83 (s, 2H), 7.73-7.71 (m, 4H), 7.26 (overlapping with CHCl3), 
1.44 (s, 36H). 
13
C NMR (125 MHz, CDCl3): δ ppm = 161.29, 144.30, 133.43, 
131.25, 130.33, 129.68, 129.27, 128.80, 126.88, 126.48, 113.46, 112.74, 
105.00, 82.42, 35.09, 31.35. HR-APCI-MS: m/z = 1106.4796, calculated exact 
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Quinoidal polycyclic aromatic hydrocarbons and their related derivatives 
have drawn tremendous attention in the last decade.
1
 Recent investigations on 





disclosed an interesting class of stable open-shell (OS) molecules with 
biradical character. By tuning the conjugation length, the ground state of many 
conjugated systems,
4
 such as zethrenes, has been found to convert from a 
closed shell (CS) to an open shell. A comprehensive elucidation of the CS-OS 
conversion is of essential importance for the understanding of the chemical 





 etc. This novel type of biradical materials have 
been validated as promising candidates for two-photon absorption dyes
2e,7
 and 
potential use for pure organic magnetic materials.
8
 Furthermore, extended 
quinoidal systems have been tested as air-stable organic field effect transistor 
materials with good charge carrier mobility values obtained.
9
 
Naphthalene diimide (NDI) has been widely explored as a versatile 
building block for the preparation of n-type organic semiconductor materials 
due to its electron-deficient nature as well as various functionalization 
strategies on the core.
10
 Following an ongoing process for the search of 
air-stable n-type organic field effect transistor materials based on naphthalene 
diimide,
11
 it is of great interest prepare quinoidal type naphthalene diimides 
given the fact that this concept has rarely been tested in the literature. The 
desired quinoidal type naphthalene diimide would be useful candidates as 
 119 
 
two-photon absorption dyes and n-type OFET materials. There is only one 
example demonstrating a quinoidal naphthalene diimide core.
12
 However, the 
quinoidal NDI is reported to undergo automatic tautomerization with its 
non-quinoidal form, which makes the detailed characterization of the 
quinoidal NDI impossible.
12
 Herein a series of quinoidal hetero-hexacene and 
heptacene diimide (7-6, 7-7 and 7-9 in Scheme 7.1) which contain 
unambiguous quinoidally conjugated naphthalene diimide core are described. 
Their detailed physical properties have been well studied in the current study. 
 
7.2 Results and discussion 
7.2.1 Synthesis 
 
Synthesis of quinoidal heteroacene diimides 7-6, 7-7 and 7-9 is outlined in 
Scheme 7.1. Starting from known tetrabromo NDI compound 7-1,
13
 one-side 
substituted compound 7-2 and 7-3 could be prepared in >90% yield. Further 
annulation of one 2-amino-thiophenol group on 7-2 and 7-3 generated 
compound 7-4 and 7-5, respectively. Compound 7-8 was directly synthesized 
from 7-1. For two-side annulated compounds 7-4, 7-5, and 7-8, the specific 
isomer, i.e., the trans isomer, was purified by careful and repeated silica gel 
column chromatography, hence in a low isolated yield (5% ~ 10%). The 
regioselectivity of substitution reactions on tetrabrominated NDIs was not 
straightforward and sometimes the identity of the specific isomer is of doubts 
if no evidence is provided.
14
 In the current study, the structures of compound 
7-4, 7-5 and 7-8 were confirmed by the following oxidation reaction, which 
could only happen on the trans-isomer. These three compounds showed green 
colour and very poor solubility in chloroform. Similar to the previously 
prepared amine substituted NDIs,
11c
 the poor solubility of this type of sample 
is due to the intramolecular hydrogen bonding, which renders planarity of the 
backbone and hence strong tendency of aggregation. Oxidation of them by 
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lead dioxide smoothly generated the quinoidal compounds 7-6, 7-7 and 7-9 in 
almost quantitative yields. The oxidized compounds, instead, all had good 
solubility in chloroform and hence their identification by 
1
H NMR was 
possible. The solubility enhancement was mainly due to the structural 
variation upon oxidation (vide infra). Compounds 7-6, 7-7 and 7-9 contained 
quinoidal imine moieties and were found to be ultra sensitive towards moisture 
or silica gel. Upon contact with silica gel or exposure to moisturized air for 
long time, they were reduced to their dihydro form (7-4, 7-5 and 7-8). 
However, the quantitative conversion from their reduced form to the quinoidal 
form made the chromatography purification unnecessary and hence the 
detailed characterizations of them were possible. The proton NMR spectra of 
7-6, 7-7 and 7-9 were recorded in CDCl3 at room temperature. Sharp aromatic 
proton peaks were observed for all molecules. For example, compound 7-7 
showed sharp and assignable peaks in the aromatic region as shown in Figure 




-tetrachloroethane, no observable change was 
found. This suggested that for this series of molecules, most likely a 
closed-shell ground state was present. 
 
 
Scheme 7.1. Synthetic procedures for quinoidal hetero hexacene and 





overnight, 91%; (b) 3-amino-2-naphthanol, DMA, 120 
o
C, overnight, 90%; (c) 
2-aminothiophenol, DMA, 120 
o
C, overnight, 7.6% for 7-4, 8.4% for 7-5, 9% 






H NMR spectra of the aromatic region for compounds 7-5 and 
7-7. The aromatic peaks can be tentatively assigned to compound 7-7.  
 
7.2.2 Photophysical and electrochemical properties 
 
The UV-vis absorption and photoluminescence of compounds 7-4 to 7-9 
were recorded in chloroform and the results were shown in Figure 7.2 and 
summarized in Table 7.1. The dihydro compounds 7-4, 7-5 and 7-8 mainly 
absorbed in the region of 600-800 nm, which made their solution green in 
colour. By comparing compounds 7-4 and 7-5, fusion of one more benzene 
ring has negligible influence on the absorption behaviour of this system. 
However, by replacing the oxygen atom in 7-4 by sulphur, a bathochromic 
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shift of 50 nm was observed, mainly due to the stronger electron donating 
nature of thio ethers. This indicated that the photophysical behaviour of this 
system was dominated by the central electron withdrawing NDI core and the 
closely fused electron donating oxazine or thiazine rings. After oxidation, i.e., 
conversion of the electron donating amines to electron withdrawing imines, 
the major absorption peaks for compounds 7-6, 7-7 and 7-9 were all 
hypsochromically shifted for 60~80 nm. Aside the major peaks, some shoulder 
absorption peaks which are common for quinoidal compounds were also 
present for these samples, i.e., 600 nm and 684 nm for compound 7-6, 686 nm 
and 750 nm for compound 7-7, 590 nm and 635 nm for compound 7-9. The 
shoulder peaks with a lower energy feature than the major HOMO-LUMO 
transition are assigned to a transition to a state with a dominant double 
excitation character, which is formally forbidden in dipole approximation or 
weakly coupled with single excitations.
15
 Upon breaking the symmetry of the 
molecule, this type of transition became more pronounced, as evidenced for 
compound 7-6 and 7-7. Such symmetry-related transition is guaranteed more 
attention in the future given the fact that few quinoidal structures reported in 
the literature have an asymmetrical geometry. 
The electrochemical properties of compounds 7-6, 7-7 and 7-9 were 
measured in dry dichloromethane and the results were shown in Figure 7.3 and 
Table 7.1. The measurement of the dihydro-analog compounds 7-4, 7-5 and 
7-8 was attempted in dichloromethane and hot chlorobenzene (80 
o
C) but no 
satisfactory results were obtained, mainly due to the poor solubility and strong 
tendency of aggregation of this series of molecules. The oxidized compounds, 
i.e., 7-6, 7-7 and 7-9, showed observable irreversible reduction wave and their 
LUMO energy levels were determined to be -3.50 eV, -3.41 eV and -3.42 eV, 
respectively. The LUMO energy levels of this series of molecules were much 
higher than those of the previously prepared cyanated naphthalene diimides 
and cyanated aza-tetracene diimides,
11b,11c
 possibly due to the presence of 
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electron donating ether and thioether linkage. Hence unlike the previous 
samples,
11b,c
 hydrolysis was not observed at all while the major decomposition 
pathway for them was addition of two hydrogens, which corresponded to the 





















































































































































Figure 7.2. UV-vis absorption and fluorescence spectra of (a) 7-4 and 7-6; (b) 
7-5 and 7-7; (c) 7-8 and 7-9. 
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Figure 7.3. Cyclic voltammograms for compounds 7-6, 7-7 and 7-9 in dry 
DCM with 0.1 M Bu4NPF6 as supporting electrolyte.  
 
Table 7.1. Summary of the photophysical and electrochemical data for 
compounds 7-4 to 7-9. 
 









7-4 718, 657 760 1.59 - - 








796 1.52 -4.93 -3.41 
7-8 765, 698 803 1.50 - - 
7-9 688, 639 731 1.67 -5.09 -3.42 
a
The optical band gap is calculated based on the absorption onset. 
b
HOMO is calculated based 




LUMO is calculated based on the onset of 
the first reduction wave. 
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To better understand the decomposition process of compounds 7-6, 7-7 and 
7-9, titration study with trifluoroacetic acid was carried out for compound 7-7 
and this process was monitored by UV-vis absorption spectroscopy (Figure 
7.4). During our preliminary test, we found that the oxidized compounds 7-6, 
7-7 and 7-9 quickly decomposed when they got in contact with silica gel, 
water or trifluoroacetic acid. Trifluoroacetic acid was chosen here as the titrant 
due to its easy quantification and miscibility with organic solvents. For 
compound 7-7, as the amount of trifluoroacetic acid increased, the absorption 
peaks corresponding to 7-7 at 751 nm, 686 nm and 641 nm gradually 
diminished. Simultaneously the absorption peaks for the dihydro compound 
7-5 at 708 nm and 275 nm appeared. As the amount of trifluoroacetic acid 
went to 8 equivalence of 7-7, the peak at 751 nm for 7-7 totally disappeared 
and the resultant absorption was exactly the same as that of compound 7-5. 
This result clearly indicated that decomposition of the quinoidal compound 
7-7 generated its dihydro form 7-5, in almost quantitative yield. While the role 
of trifluoroacetic acid was elucidated as proton source in this process, it was 
most likely the water present in the solution served as reductant for the 
conversion from 7-7 to 7-5. 






























Figure 7.4. Titration study on compound 7-7 with trifluoroacetic acid.  
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7.2.3 TD-DFT calculations 
 
Time-dependent density functional theory (TD DFT at B3LYP/6-31G* 
level) calculations were conducted for compounds 7-4 to 7-9 to better 
understand their properties (Figure 7.5). As evidenced from the calculation 
results, the optimized structures from the dihydro compounds 7-4, 7-5 and 7-8 
are essentially planar mainly due to the intramolecular chelating hydrogen 
bondings. The planar geometry of the backbone would account for their 
observed poor solubility and strong tendency of aggregation. After oxidation, 
the chemical structures of compounds 7-6, 7-7 and 7-9 turned out to be 
non-planar, which is originated from the steric repulsion between the carbonyl 
groups and the lone electron pair on the imines. The nonplanar geometry of 
this series of molecules hence renders sufficient solubility and reduces strong 
intramolecular interaction which makes the detailed characterization of these 
compounds possible. For all the molecules, the HOMO orbital is evenly 
distributed over the whole molecular backbone while the LUMO orbital is 
mainly localized on the central naphthalene diimide part. It is worthy to note 
that for the dihydro compounds (7-4, 7-5 and 7-8), the LUMO orbital covers 
the two imide groups and is distributed over the whole naphthalene diimide 
framework. While for the quinoidal compounds (7-6, 7-7 and 7-9), the LUMO 
orbital is distributed along the quinoidal conjugation and the imide groups are 
not covered in the LUMO. This indicates that the presence of quinoidal 
conjugation on the naphthalene diimide framework has significantly altered 
the electronic properties of the naphthalene diimide core. Whether this kind of 
alternation of the LUMO orbital distribution would be beneficial for the 





Figure 7.5. TD-DFT calculation results for compounds 7-4 to 7-9. First 
column: optimized structures; second column: HOMO profiles and third 




To summarize, we have prepared a series of hetero-hexacene and heptacene 
diimides with unambiguous quinoidal conjugation on the naphthalene diimide 
backbone for the first time. Both symmetrical and asymmetrical quinoidal 
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structures are presented in our current study. This series of molecules have 
sharp aromatic NMR peaks up to 100 
o
C and most likely they have a closed 
shell ground state. Unfortunately, the target quinoidal molecules (7-6, 7-7 and 
7-9) are found extremely sensitive towards moisture, silica gel and acids. 
Nevertheless, the quantitative generation of the quinoidal compounds makes 
the chromatography unnecessary and hence detailed characterization is 
possible. The stability issue of this series of quinoidal molecules has been 
investigated and it is found that reduction of the quinoidal imines is the major 
decomposition pathway for compounds 7-6, 7-7 and 7-9. TD-DFT calculation 
results reveal that the dihydro compounds (7-4, 7-5 and 7-8) have planar 
backbones while the oxidized quinoidal compounds (7-6, 7-7 and 7-9) have 
non-planar backbones. The structural change would account for the observed 
solubility enhancement. The presence of quinoidal conjugation is also found to 
significantly alter the LUMO profiles of the central naphthalene diimide core. 
They represent a new class of electron deficient molecules with potential 
applications as two-photon absorption dyes and n-type organic field effect 
transistor materials. 
 
7.4 Experimental section 
7.4.1 General 
 
Detailed description about all the characterization techniques, including 
NMR, MS, UV-vis, PL, CV and DPV are described in Chapter 2 experimental 
section 2.4.1. 
 
7.4.2 Synthetic procedures for new compounds 
 
4,5-Dibromo-2,7-dioctyl-1H-[3,8]phenanthrolino[1,10-abc]phenoxazine-1,
3,6,8(2H,7H,14H)-tetraone (7-2): To a dry round bottom flask was added 
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tetrabromo naphthalene diimide (7-1) (200 mg, 0.248 mmol), 2-aminophenol 
(10 equiv. 2.48mmol, 270 mg) and chloroform (10 ml). The mixture was 
degassed for 30 min and then heated to 70 
o
C overnight. After cooling to room 
temperature, the mixture was extracted over CHCl3/water. The collected 
chloroform portion was concentrated and subject to column chromatography 
(chloroform as eluent) to afford the target molecule as a purple-blue solid. 
(170 mg, 91%) 
1
H NMR (500 MHz, CDCl3): δ ppm = 12.30 (s, 1H), 7.08-7.07 
(d, J = 7.6 Hz,  1H), 7.02-6.99 (m, 2H), 6.79-6.78 (d, J = 7.6 Hz 4H), 
4.14-4.08 (m, 4H), 1.72-1.69 (m, 4H), 1.42-1.25 (m, 20H), 0.89-0.87 (m, 6H). 
13
C NMR (125 MHz, CDCl3): δ ppm =164.54, 160.00, 160.03, 158.86, 150.46, 
142.14, 139.75, 131.78, 128.78, 126.40, 126.30, 125.67, 124.82, 124.66, 
124.51, 122.42, 117.05, 116.05, 107.45, 97.81, 41.74, 41.54, 31.82, 29.35, 
29.34, 29.29, 29.27, 27.89, 27.80, 27.24, 22.66, 14.11. HR-EI-MS: m/z = 
751.1254, calculated exact mass: 751.1256, error: -0.29 ppm. 
 
4,5-dibromo-2,7-dioctyl-1H-benzo[i][3,8]phenanthrolino[1,10-abc]phenox
azine-1,3,6,8(2H,7H,16H)-tetraone (7-3): To a dry round bottom flask was 
added tetrabromo naphthalene diimide (200 mg, 0.248 mmol), 
2-amino3-naphthol (4 equiv. 1mmol, 160 mg) and DMA (10 ml). The reaction 
mixture was purged with argon for 30 min and then heated to 120 
o
C overnight. 
After cooling to room temperature, the mixture was extracted over 
CHCl3/water. The collected chloroform portion was concentrated and subject 
to column chromatography (Hex:CHCl3 =1:2 as eluent) to afford the target 
molecule as a purple solid (180 mg, 90%).  
1
H NMR (500 MHz, CDCl3): δ 
ppm = 12.44 (s, 1H), 7.47 (m, 2H), 7.32 (s, 1H), 7.24-7.23 (m, 2H), 6.97 (s, 
1H), 4.13-4.08 (m, 4H), 1.74-1.73 (m, 4H), 1.44-1.30 (m, 20H), 0.91-0.89 (m, 
6H). 
13
C NMR (125 MHz, CDCl3): δ ppm = 164.48, 160.37, 159.92, 158.72, 
148.95, 140.56, 138.25, 132.11, 131.45, 131.07, 129.06, 127.36, 126.67, 
126.23, 125.77, 124.73, 123.82, 123.68, 122.48, 113.39, 112.11, 107.94, 98.44, 
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41.81, 41.58, 31.85, 29.39, 29.36, 29.32, 27.94, 27.80, 27.32, 27.30, 22.68, 
14.13.  HR-EI-MS: m/z = 801.1411, calculated exact mass: 801.1413, error: 
-0.24 ppm. 
 
Compound 7-4: To a dry round bottom flask was added dibromo compound 
7-2 (180 mg, 0.239 mmol), 2-aminothiophenol (10 equiv., 2.39 mmol, 300 mg) 
and DMA (10 ml). The solution was purged with argon for 30 min and then 
heated to 120 
o
C for 2 days. After cooling to room temperature, the mixture 
was extracted over CHCl3/water. The chloroform portion was concentrated and 
subject to column chromatography (Hex : CHCl3 = 3:1 as eluent) to afford the 
target compound as a green solid (13mg, 7.6%). 
1
H NMR (500 MHz, CDCl3): 
δ ppm =6.90-6.49 (br), 4.03-4.02 (m, 4H), 1.68 (m, 4H), 1.39-1.25 (m, 20H), 
0.90-0.88 (m, 6H). HR-APCI-MS: m/z = 716.3043, calculated exact mass: 
716.3032, error: 1.53 ppm. 
 
Compound 7-5: To a dry round bottom flask was added dibromo compound 
7-3 (100 mg, 0.125 mmol), 2-aminothiophenol (4 equiv., 0.5 mmol, 65 mg) 
and DMA (10 ml). The mixture was purged with argon for 30 min and then 
heated to 120 
o
C for 2 days. After cooling to room temperature, the mixture 
was extracted over CHCl3/water. The collected chloroform portion was subject 
to column chromatography (Hex:CHCl3 = 3:1 as eluent) to afford the target 
compound as green solid (8 mg, 8.4%). HR-APCI-MS: m/z = 767.3262, 
calculated exact mass: 767.3285, error: -3.0 ppm. 
 
Compound 7-6: To a dry round bottom flask was added dihydro compound 
7-4 (5 mg), lead dioxide (50 mg) and chloroform (3 ml). The mixture was 
stirred at room temperature for 15 min and then it was filtered by suction 
filtration. The collected chloroform solution was passed through a syringe 
filter (PTFE, ID 13 mm, 0.22 m) to further remove lead dioxide. The 
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collected solution was dried by rotary evaporation to afford the target molecule 
as deep blue solid (5 mg, quanti.). 
1
H NMR (500 MHz, CDCl3): δ ppm = 
8.20-8.18 (d, J = 7.6 Hz, 1H), 8.01-7.99 ( d, J = 7.6 Hz, 1H), 7.82-7.81 (d, J = 
8.2Hz, 1H), 7.74-7.70 (m, 1H), 7.65-7.59 (m, 3H), 7.49- 7.47 ( m, 1H), 
4.27-4.24 (t, J = 7.6 Hz, 2H), 4.21-4.18 (t, J = 7.6 Hz, 2H), 1.78-1.77 (m, 4H), 
1.46-1.25 (m, 20H), 0.89-0.87 (m, 6H). HR-APCI-MS: m/z = 714.2880, 
calculated exact mass: 714.2876, error: 0.56 ppm.  
 
Compound 7-7: To a dry round bottom flask was added dihydro compound 
7-5 (5 mg), lead dioxide (50 mg) and chloroform (5 ml). The mixture was 
stirred at room temperature for 15 min and then it was filtered by suction 
filtration. The collected chloroform solution was passed through a syringe 
filter (PTFE, ID 13 mm, 0.22 m) to further remove lead dioxide. The 
collected solution was dried by rotary evaporation to afford the target 
compound (5 mg, quanti.). 
1
H NMR (500 MHz, CDCl3): δ ppm =  8.48 (s, 
1H), 8.21-8.20 (d, J = 8.2Hz, 1H), 7.97-7.95 (m, 2H), 7.87-7.85 (d, J = 7.6 Hz, 
1H), 7.82-7.80 (d, J = 7.6 Hz, 1H), 7.75-7.72 (m, 1H), 7.66-7.64 (m, 1H), 
7.58-7.55 (m, 1H), 7.48-7.47 (m, 1H), 4.29-4.26 (t, J = 8.2 Hz, 2H), 4.24-4.20 
(t, J = 8.2 Hz, 2H), 1.81-1.79 (m, 4H), 1.68-1.25 (m, 20H), 0.89 (m, 6H). 
HR-APCI-MS: m/z = 764.3027, calculated exact mass: 764.3032, error: -0.65 
ppm. 
 
Compound 7-8: To a dry round bottom flask was added tetrabromo 
naphthalene diimide (200 mg, 0.248 mmol), 2-aminothiophenol (10 equiv. 
2.48 mmol, 300 mg) and DMF (10 ml). The mixture was stirred at 120 
o
C 
overnight. After cooling to room temperature, the mixture was extracted over 
CHCl3/water. The collected chloroform solution was concentrated and subject 
to column chromatography (Hex:CHCl3 = 3: 1) to afford the target compound 
as a green solid. (16 mg, 9%). HR-APCI-MS: m/z = 732.2813, calculated exact 
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mass: 732.2804, error: 0.12 ppm. 
 
Compound 7-9: To a dry round bottom flask was added compound 7-8 (10 
mg), lead dioxide (100 mg) and chloroform (5 ml). The mixture was stirred at 
room temperature for 15 min and then filtered by suction filtration. The 
collected chloroform solution was passed through a syringe filter (PTFE, ID 
13mm, 0.22 m) to further remove lead dioxide. The collected solution was 
dried by rotary evaporation to afford the target compound (10 mg, quanti.). 
1
H 
NMR (500 MHz, CDCl3): δ ppm = 8.15-8.13 (d, J = 8.2 Hz, 2H), 7.75-7.74 (m, 
2H), 7.69-7.66 (m, 2H), 7.60-7.57 (m, 2H), 4.27-4.24 (t, J = 8.2 Hz, 4H), 
1.80-1.70 (m, 4H), 1.48-1.26 (m, 20H), 0.88 (m, 6H). HR-APCI-MS: m/z = 
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Pentacene and its derivatives have been intensively investigated as high 
performance organic field effect transistor (OFET) materials in the last 
decade.
1







been demonstrated by many research groups in the polycrystalline thin film 
transistor device.
2
 One drawback which hampers its general application is the 
intrinsic instability of pentacene.
3
 The instability of pentacene originates from 
its electron-richness and strong tendency to undergo Diels-Alder reaction with 
oxygen to form endoperoxides.
3
 Several strategies have been employed to 





 electron withdrawing cyano 
groups
6
 and imide groups.
7
 Another strategy to solve the stability problem of 
acenes is to disturb the diene-type p-conjugation of acenes, hence creating new 
types of functional systems.
8
 For example, fusion of five-membered rings onto 
the zigzag edges of acene
8b,8c
 has been found to significantly vary the 
reactivity of acenes and provided a good way to stabilize longer acenes.  
Quinoidal type conjugated systems
9
 have drawn increasing attention 
recently as promising candidates for two-photon absorption dyes
10
 and high 
performance OFET materials.
11
 Takimiya et al.
11b
 reported a quinoidal type 






 have been 
obtained. Liu et al.
11e
 reported a diketopyrrolopyrrole (DPP) based quinoidal 







successful application of quinoidal structures as OFET materials provoked us 
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to incorporate the quinoidal conjugation into the backbone of acenes, thus to 
create quinoidal acenes which would serve as soluble and stable acene-based 
OFET materials. Here hetero quinoidal pentacene compounds 8-1 and 8-2 
(Scheme 8.1) have been designed and synthesized. Sulfur atoms are 
introduced into the pentacene backbone to render extra sulfur-sulfur 
intermolecular interaction which has been proven beneficial for the charge 
transport in the OFET device. These two samples have been found to have 
superior stability at ambient conditions. Their charge transport behavior is also 






 has been obtained.  
 
8.2 Results and discussion 
8.2.1 Synthesis 
 
Synthesis of heteropentacene 8-1 and 8-2 was outlined in scheme 8.1. The 
previously known diethyl 2,5-dibromoterephthalate
12
 underwent nucleophilic 
attack reaction by tert-butylthiophenol to afford compound 8-4 in 25% yield. 
The diester compound 8-4 was then hydrolyzed by sodium hydroxide to 
quantitatively afford the diacid intermediate 8-5, which was then converted to 
the diacyl chloride in the presence of thionyl chloride. The Friedel-Crafts type 
condensation reaction of the acyl chloride compound 8-6 was carried out with 
TiCl4 as the Lewis acid to afford the target quinone compound 8-7 in 90% 
overall yield. The triisopropylsilylacetyl (TIPSA) and the phenyl substitution 
groups were introduced by nucleophilic substitution reactions of the quinone 
compound 8-7 with respective lithium reagents. Subsequent reduction of the 
generated diol intermediate with tin(II) chloride afforded the target molecule 
8-1 and 8-2 in good yield. The target molecules 8-1 and 8-2 showed good 
stability and solubility in organic solvents (e.g. hexane, chloroform) and their 
structures were confirmed by NMR, MS and single crystal data. 
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Scheme 8.1. Synthetic procedures of 8-1 and 8-2. 
 
8.2.2 Photophysical and electrochemical properties 
 
The UV-vis absorption and photoluminescence of compounds 8-1 and 8-2 
were recorded in diluted chloroform solutions (Figure 8.1). The TIPSA 
substituted compound 8-1 mainly absorbed in the region of 500-650 nm with 
maximum at 625 nm and a shoulder absorption at 580 nm. For the 
phenyl-substituted compound 8-2, the absorption maximum was 
hypsochromically shifted to 558 nm with a shoulder absorption at 528 nm. 
This could be rationally explained by the more extended conjugation along the 
TIPSA substitution for compound 8-1. While for compound 8-2, the phenyl 
groups were found to be almost perpendicular to the central heteropentacene 
plane, which limited the effective p-extension along the phenyl groups (vide 
infra). In comparison, the absorption maxima of TIPSA substituted pentacene 
and phenyl substituted pentacene were located at 644 nm and 603 nm, 
respectively.
4b, 13
 It is worthy to note for both compounds 8-1 and 8-2 that they 
have superior stability in solution compared with phenyl or TIPSA 
functionalized pentacene. The chloroform solution of 8-1 was stored at 
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ambient conditions for over 2 month and no observable decomposition was 
observed. Under the same condition, TIPSA-substituted pentacene gradually 
decomposed within one day. The substantially increased stability of this series 
of quinoidal heteroacenes would most likely originate from the disruption of 
the normal diene-type conjugation of acenes and hence interrupting 
decomposition pathways, such as Diels-Alder reaction with oxygen and 
intermolecular dimerization for acenes. 
 




















 8-1 PL 
 8-2 PL
 
Figure 8.1. UV-vis and PL spectra of compounds 8-1 and 8-2 in chloroform 
solution (10
-5
 M for UV-vis measurement and 10
-6
 M for PL measurement). 
 
The electrochemical properties of compounds 8-1 and 8-2 were measured 
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in dry 
DCM (Figure 8.2). The TIPSA-substituted compound 8-1 showed two 
reversible oxidation waves and one reversible reduction wave, with E1/2 
potential at -0.02 V, 0.49 V and -1.83 V, respectively. The phenyl substituted 
compound 8-2 showed two reversible oxidation waves with E1/2 potential at 
-0.24 V and 0.23 V, respectively. The two reversible oxidation waves of 8-1 
and 8-2 corresponded to the generation of radical cation and dication on the 
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backbone. The HOMO energy levels calculated from the onset of the first 
oxidation wave were determined to be -4.67 V and -4.52 V for compounds 8-1 
and 8-2, respectively. For comparison, the HOMO energy levels for 
TIPS-substituted pentacene and phenyl-substituted pentacene are -5.16 V and 
ca. –5.0 V respectively,13,14 which are 0.5 V lower than the quinoidal 
heteropentacene analog mentioned herein. The electron donating nature of the 
thioether linkage in the backbone would account for the increased HOMO 
levels for this series of molecules.  


































8.2.3 Single crystal analysis 
 
To gain more insights about the structural properties and the solid state 
packing of compounds 8-1 and 8-2, the single crystal data were successfully 
collected (see Figure 8.3). For both compounds, the heteropentacene backbone 
was essentially planar. For compound 8-2, the phenyl rings were tilted to the 
central plane by about 80
o
 and this explained the observed shorter absorption 
maximum for this compound compared with 8-1. Similar to pentacene and 
heavily substituted heptacene,
15
 both molecules 8-1 and 8-2 packed in a 
herringbone pattern. While for comparison, TIPSA substituted pentacene 
packs in a two-dimensional slipped face-to-face packing motif
4a
 and phenyl 
substituted pentacene packs in columns of cage-like dimers.
16
 By analyzing 
the bond lengths of 8-1 and 8-2, both compounds had typical quinoidal type 
conjugation (Figure 8.4). For compound 8-2, the degree of bond length 
variation is much larger than that of 8-1, which would be due to the less 
conjugated character of 8-2. 
 




Figure 8.4. Bond length information of 8-1 and 8-2. 
 
8.2.4 Thin film and organic field effect transistor 
 
To probe the charge transport properties of this series of quinoidal 
heteropentacene derivatives, the field effect transistors (FET) for compound 
8-1 have been fabricated by a solution processing method. Compound 8-1 
showed p-type behaviour under negative gate voltage in the device and the 
typical transfer and output curves were shown in Figure 8.5. The devices 






 in the saturation region 
in nitrogen. The current on/off ratio is about 10
5
 – 106, and threshold voltage is 











. This might be an 




Atomic force microscope (AFM) and X-ray diffraction (XRD) techniques 
were employed to investigate the thin film morphology of 8-1 and the results 
were shown in Figure 8.6 and 8.7. Compound 8-1 exhibited well-resolved 
terrace-like layer-by-layer morphology in the thin film. The thickness of one 
layer was estimated to be 1.8 nm based on the AFM measurement. 
Homogeneity and continuity of the layers are also envisaged, which are 
beneficial for charge transport in the film. The XRD diffraction peaks 
correspond well to a layer-like lamellar packing motif with a d spacing value 
of 1.77 nm, which was approximately the thickness of one layer of the terrace. 
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The strong crystallinity of the thin film was also reflected by the observation 
of the fourth Bragg diffraction peak. All these factors made compound 8-1 
favourable as charge transporting materials in the transistor device. 
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in steps of -10V
 
Figure 8.5. (a) Transfer and (b) output characteristics of FET devices 





Figure 8.6. AFM images of the thin films of 8-1 on OTS modified SiO2 
substrates: height image (left) and phase image (right). (c) Terrace layer 
thickness measurement by AFM. 



























Figure 8.7. X-ray diffraction pattern of the thin film of 8-1 spin coated from 




In summary, we have successfully prepared two samples of 
hetero-quinoidal pentacene to demonstrate an important strategy to obtain 
stable pentacene derivatives. The prepared samples 8-1 and 8-2 have much 
improved stability compared with pentacene. The TIPS-substituted analog 8-1 
is found to have more extended p-conjugation and hence red-shifted 
absorption compared with the phenyl substituted analog 8-2. Both samples can 
be reversibly oxidized into the radical cation and dication. The single crystals 
of 8-1 and 8-2 are also analyzed and both of the samples pack in a herringbone 
 145 
 
motif in the crystal. AFM and XRD studies show that compound 8-1 exhibits a 
layer-like terrace morphology in the thin film. Strong crystallinity of the thin 






 has been 
obtained for compound 8-1. The result demonstrated in this Chapter has 
provided a useful strategy to stabilize the acene backbone and hence to create 
stable and applicable OFET materials.   
 
8.4 Experimental section 
8.4.1 General 
 
Anhydrous THF was distilled over sodium under nitrogen atmosphere 
before using. Anhydrous DMF and dichloromethane were distilled over CaH2 
under nitrogen. The experimental details of NMR, MS, UV-PL measurement, 
CV, DPV and XRD were described in section 2.4.1. 
 
8.4.2 Synthetic procedures of all new compounds 
 
Diethyl 2,5-bis (4-tert-butylphenylthio)terephthalate (8-4): To a dry round 
bottom flask was added compound 8-3 (2.66 g, 0.007 mol), K2CO3 (6 equiv. 
0.042 mol, 5.8 g), 4-tert-butylthiophenol (10 equiv. 0.07 mol, 10 g) and DMF 
(30 ml). The mixture was purged with argon for 10 min and then heated to 120 
o
C overnight. After cooling to room temperature, the reaction mixture was 
poured into water (300 ml) and stirred for 10 min. The precipitated solid was 
collected by suction filtration and subjected to column chromatography (Hex: 
CHCl3 = 1:1) to get the target compound (960 mg, 25%). 
1
H NMR (500 MHz, 
CDCl3): δ ppm = 7.47 (m, 2H), 7.41 (s, 2H), 4.23-4.19 (q, J = 6.95 Hz, 4H), 
1.35 (s, 18H), 1.19-1.17 (t, J = 6.95 Hz, 6H). 
13
C NMR (125 MHz, CDCl3): δ 
ppm =165.46, 152.61, 138.92, 135.11, 129.92, 129.88, 128.51, 126.83, 61.32, 
34.79, 31.26, 13.94. HR-EI-MS: 550.2211, calculated exact mass: 550.2212, 
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error: -0.10 ppm. 
 
2,9-Di-tert-butylthiochromeno[2,3-b]thioxanthene-7,14-dione (8-7): 
Compound 8-4 (1 g, 1.82 mmol) and NaOH (0.036 mol, 1.45 g) were 
dissolved in a mixture of THF (10 ml), H2O (5 ml) and ethanol (10 ml). The 
solution was heated to 70 
o
C overnight. After cooling to room temperature, the 
mixture was condensed and acidified to pH = 1. The target diacid was 
collected via suction filtration (850 mg, 95%). The collected acid compound 
8-5 was dried under vacuum and directly used in the next step without further 
purification. 
The diacid compound (500 mg) was treated with SOCl2 (10 ml) and DMF (1 
ml) under argon. The mixture was stirred at room temperature for 4h. The 
solution turned yellow and the excess of SOCl2 was removed under reduced 
pressure without exposing the resulting acyl chloride 8-6 in the air. The 
residue was washed three times with dry DCM and then redissolved in dry 
DCM (20 ml) in the presence of an excess of TiCl4 (3 ml added). The mixture 
was stirred at room temperature overnight. Water was then slowly injected into 
the system to quench the reaction. Minimum amount of chloroform was added 
to dissolve everything. The chloroform solution was directly subject to column 
chromatography (Hex : CHCl3 = 1:1) to afford the target molecule as a yellow 
powder (440 mg, 95% from diacid intermediate). 
1
H NMR (500 MHz, CDCl3): 
δ ppm = 8.86 (s, 2H), 8.64-8.63 (d, J = 2.6 Hz, 2H), 7.75-7.73 (dd, J1 = 2.55 
Hz, J2 = 8.2 Hz, 2H), 7.58-7.56 (d, J = 8.2 Hz, 2H), 1.42 (s, 18H). 
13
C NMR 
(125 MHz, CDCl3): δ ppm =129.53, 150.06, 134.79, 133.84, 131.10, 131.01, 
128.42, 128.04, 126.22, 126.05, 35.02, 31.21. HR-EI-MS: 458.1371, 
calculated exact mass: 458.1372, error: -0.21 ppm. 
 
(2,9-Di-tert-butylthiiochromeno[2,3-b]thioxanthene-7,14-diyl)bis(ethyne-2,
1-diyl)bis(triisopropylsilane) (8-1): To a dry round bottom flask was added 
 147 
 
THF (5 ml) and cooled to 0 
o
C. Triisopropylsilylacetylene (15 equiv. 3.27 
mmol, 600 mg) was added followed by addition of n-butyllithium (10 equiv., 
2.18 mmol, 1.4 ml, 1.6 M in hexane). The mixture was stirred for 30 min and 
then compound 8-7 (100 mg, 0.218 mmol, 1 equiv.) was added. The mixture 
was stirred at room temperature overnight. Water (0.5 ml) was injected to 
quench the reaction. Tin (II) chloride (20 equiv. 4.4 mmol, 800 mg) was added 
and stirred for 30 min. The solution was condensed and the residue was 
subject to column chromatography (hexane as eluent) to afford the target 
molecule as a blue powder (140 mg, 81%). 
1
H NMR (500 MHz, CDCl3): δ 
ppm = 7.88 (br, 2H), 7.21 (br, 2H), 7.09 (br, 2H), 6.94 (m, 2H), 1.29 (s, 18H), 
1.21 (m, 42H). HR-EI-MS: 788.4305, calculated exact mass: 788.4301, error: 
0.52 ppm. 
 
2,9-di-tert-butyl-7,14-diphenylthiochromeno[2,3-b]thioxanethene (8-2): To 
a dry round bottom flask was added quinone compound 8-7 (100 mg, 0.218 
mmol) and THF (10 ml). Then phenyl lithium solution (10 equiv. 2 M, 1.1ml) 
was added. The mixture was stirred overnight. The reaction was then quenched 
by injection of H2O (0.2 ml). Tin chloride (20 equiv. 4.3 mmol, 900 mg) and 
hydrochloric acid (10%, 0.5 ml) was added. The mixture was then stirred for 
30 min. The solution was condensed and the residue was subject to column 
chromatography (hexane as eluent) to afford the target molecule as a red 
compound (90 mg, 72%). 
1
H NMR (500 MHz, CDCl3): δ ppm = 7.50 (br, 2H), 
7.42-7.41 (m, 2H), 7.17 (br, 2H), 1.03 (s, 18H). HR-EI-MS: 580.2246, 
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